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ABSTRACT   The San Juan Volcanic Field (SJVF) of southwestern Colorado is an erosional remnant of a large Tertiary aged calc‐alkaline ignimbrite flare up. Previous work has led to detailed characterization of the volcanic stratigraphy and temporal evolution of many large calderas. Ignimbrites include both compositionally zoned rhyolitic to dacitic eruptions as well as monotonous intermediates. However, the petrogenetic origin of the volcanic field and the mechanisms of magma compositional evolution within magma chambers prior to eruptions remain largely unknown. Here I present new iron (Fe) isotope ratio data along with 87Sr/86Sr ratios and major and trace elements for 37 samples from the SJVF with the goal of improved understanding of the origin of zoned ignimbrites. I sampled in detail the zoned 33.2 Ma Bonanza Tuff as well as two intrusive units from the Bonanza Caldera. I also sampled in detail the 27.55 Ma Carpenter Ridge Tuff and collected representative samples from other major eruptions: the 28.02 Ma Fish Canyon tuff, the 26.9 Ma Nelson Mountain tuff, and the 26.9 Ma Rat Creek tuff (all ages given are from Lipman and McIntosh, 2008). Detailed X‐ray mapping and compositional analysis were performed; compositions range from andesite to rhyolite, and granodiorite to aplite. Fe was purified from dissolved whole rock samples and analyzed for isotopic ratios using a high resolution MC‐ICPMS. Results for δ56Fe are consistent with previous work, which has shown δ56Fe values of igneous rocks hover around the mean mafic earth value of 0.09‰ and increase in the most evolved high silica compositions. δ56Fe in the Carpenter Ridge 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ignimbrites shows a systematic increase in δ56Fe over much of the compositional range (68% to 78% SiO2) but importantly, increases to higher δ56Fe (up to 0.26‰) at the highest silica contents (74% and higher). Similarly, Bonanza intrusive rocks also follow a trend of increasing δ56Fe with silica content. Granodiorite samples exhibit slightly increased values (<+0.15‰), while aplites have substantially higher 
δ56Fe (+0.54‰ to +0.78‰). In contrast, the Bonanza ignimbrites show much more complex behavior with no simple progression with either silica or stratigraphy. This is consistent with the observation that the Bonanza ignimbrite does not exhibit a simple compositional stratigraphy. Instead of basal rhyolites grading upward into dacites, a dacitic unit, comprised of a series of “flow units” tens of meters thick, is overlain by high‐silica rhyolite with no compositional gradient between the two. δ56Fe of the dacites range from ‐0.02‰ to +0.35‰ while the rhyolitic sample has a δ56Fe of +0.10‰. δ56Fe values oscillate within the dacite stratigraphy. Greater values are found near the bases of flow units within the ignimbrite, grading into lower values near the tops. Typically, concentrations of some incompatible trace elements progressively change upward within flow units as well, while major elements do not change significantly. Based on observations in the Bonanza ignimbrite, I propose a “pulse” eruption model during which magma is emplaced in the chamber and erupted after a short residence time. A process such as thermal migration could produce the trace element and isotopic zonation observed in flow units without substantial major element differentiation occurring. 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The data presented here provide new insight into and evaluation of differentiation processes in ignimbrites, yet add more questions about how ignimbrite zoning develops. Further chemical data and models of small‐scale thermal migration and traditional differentiation processes are needed to assess the origin of compositional zoning in ignimbrites. 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I. Introduction  
Origins of magma differentiation and stratigraphic zoning in silicic 
ignimbrites Several yet unanswered questions exist about silicic magmas, their mode of differentiation, and their spatial organization as crustal bodies in terms of compositional zoning: First, how do these magmas form in the Earth’s crust? Second, what is the origin of the compositional zoning found in many silicic bodies, both intrusive and extrusive? Compositional zoning occurs often in granitoid plutons now exposed at the surface and is also inferred to exist in caldera magma chambers prior to eruption. What process occurs to produce this zoning and does the zoning in silicic plutons and calderas reflect a similar process?  A primary observation from many silicic ignimbrite eruptions is the stratigraphic zoning of magmas, with those highest in silica and most differentiated at the bottom of the erupted sheet and later ones progressively less differentiated material going up the stratigraphic section (Lipman, 1969; Hildreth, 1979). This stratigraphy is interpreted to reflect the progressive removal of magma in a top down fashion; thus the erupted stratigraphy provides an inverse image of a zoned magma chamber prior to eruption.  While vertical exposures of plutons are fairly rare, compositional zoning with high‐SiO2 granites at the top and progressively more mafic intrusives below is most typically observed (examples include Torres Del Paine, Michael, 1984, 1991; Spirit Mountain Batholith, Walker, et al., 2007). 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Thus, ignimbrite magma bodies and granitoid plutons share similar vertical stratigraphy. From this, other unanswered questions arise: What is the link between silicic plutons and associated ignimbrites, and is their formation governed by similar differentiation processes? Rhyolitic ignimbrites are typically very phenocryst‐poor and this provides another problem for understanding their genesis.  Are these melts extracted from a mush, and if so, why are so few crystals observed in the ignimbrites?  Are they partial melts directly from lower crustal hot zones? How do they stay aphyric? In contrast, intermediate composition magmas tend to be phenocryst rich, sometimes as much as 50‐60% crystalline (Bachmann and Bergantz, 2003, 2004, 2008). Is this a direct representative of the crystal mush from which rhyolitic melt extraction may be occurring? It is not yet clear how a crystal‐poor rhyolitic magma is generated. In this study, I seek to answer the question of which differentiation processes result in compositional zonation in ignimbrites. Using Fe isotopic analysis as a tool to understand differentiation processes and compare compositions from zoned outflow tuffs and where available, associated intrusive rocks from the San Juan Volcanic Field (SJVF). These will provide evidence of the dominant chemical processes in the parent magmas and possibly determine if intrusive and extrusive materials are differentiated in the same manner. A related question of what causes a magma body, once formed, to erupt remains unanswered, and is not addressed here. 
Compositional zoning of the Bishop Tuff and other ignimbrites A useful template for understanding ignimbrite compositional zoning is the Bishop Tuff, a Pleistocene ignimbrite erupted during the collapse of the Long Valley 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Caldera in eastern‐central California at 700 ka. It is the type example of an inferred compositionally and thermally zoned magma body prior to eruption (Hildreth, 1979).  A series of lobate outflow sheets, ash‐fall tuffs, and discrete cooling units comprise the rhyolitic ignimbrite and are believed to represent a continuous eruption sequence in which no remixing or equilibration occurred between stratigraphic levels during emplacement of the different eruptive units.  Paleotemperatures from coexisting Fe‐Ti oxide pairs systematically vary with stratigraphy and bulk composition (Hildreth, 1979). The simple zonation pattern shows the stratigraphically lowest, “first‐out” tuffs, have the lowest paleotemperatures and highest SiO2 contents. Moving upsection, mineral paleotemperatures increase and whole‐rock SiO2 content decreases. This is interpreted to represent an inversion of the original magma chamber prior to eruption. This same basic pattern of inferred compositional zoning in the magma body prior to eruption is observed ubiquitously, including several ignimbrite eruptions from the SJVF (Lipman and McIntosh, 2008). 
Possible parallels of compositionally zoned ignimbrites to plutons: parallels 
with the Torres Del Paine Intrusive Suite and the Spirit Mountain Batholith As a comparison, the Torres Del Paine intrusion in Chile represents a 2+ km thick exposure of a zoned silicic pluton lying above a contemporaneous mafic complex (Michael, 1984, 1991). The top of the pluton consists of numerous aplites and an overall high bulk SiO2 content. Underneath sits a high‐silica, upper section, then a <70% SiO2 granitoid underneath. This is underlain by the Paine mafic 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complex, which ranges in composition from dioritic to gabbroic. A similar vertically zoned example is the Spirit Mountain batholith in southern Nevada (Walker, et al., 2007). Thus, when vertically exposed, the tops of plutons appear to show similar compositional zoning to the inferred magma bodies of ignimbrites with silicic rocks on top of progressively more mafic ones. Can correlations between this and chemical stratifications in ignimbrites provide evidence of a link between formation of zoned granitoids and large‐volume ignimbrite systems? The Torres del Paine system has a probable subduction‐driven origin (Michael, 1991) and was likely originally andesitic in composition and containing some weight percent water. If so, its origin is similar to the parent magmas of the San Juan Volcanic Field where samples for this study were obtained, making it a good candidate for comparative study. 
Models of compositional differentiation  
Controls on compositional zoning in magma chambers Geophysical surveys (examples include Dawson, et al., 1990; Miller and Smith, 1999) of active caldera systems do not detect large‐scale volumes of melt‐dominated magma that could give rise to crystal‐poor rhyolites such as those erupted in the SJVF. This suggests that, for the bulk of the magma residence time, magmas are stored as intermediate composition crystal mushes (Bachmann and Bergantz, 2004) with a rhyolitic interstitial melt that may be extracted and erupted prior to significant titanite crystallization (Glazner, et al., 2008). Mechanisms 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controlling crystal‐melt segregations are not well understood; possible mechanisms are a hybrid settling/compaction process (Bachmann and Bergantz, 2004) and gas‐driven filter pressing (Anderson, et al., 1984; Sisson and Bacon, 1999). Another possibility is that rhyolites are not extracted from a mush at all; instead, a low‐temperature, residual melt may have formed during hot zone basalt differentiation at depth (Annen, et al., 2006). 
Controls on compositional zoning in ignimbrites To first order, we view the simple Bishop Tuff‐like stratigraphy as a template for how many ignimbrites become zoned. However, not all systems behave so simply. For instance, ignimbrites may also have complex chemical stratigraphies that do not necessarily reflect the chemical stratification of the source magma bodies. For example, in the case of the 33.2 Ma Bonanza Tuff, which I study here, the stratigraphy may not be controlled by chemical stratification of the magma chamber, but instead a result of trapdoor‐style caldera collapse (Varga and Smith 1984). In this case, the matter of rhyolite overlying the dacite unit was tentatively attributed to a fast ascent of rhyolitic liquid into the magma chamber from deeper in the crust after the initial dacitic eruption, based on presence of β‐quartz in the tuff (Varga and Smith 1984). Lipman (personal communication) suggests the possibility of a rhyolitic cap getting trapped beneath the “hinge” portion of the caldera floor at Bonanza during asymmetric collapse. Bonanza ignimbrites were erupted within an estimated 100 kyr timespan (Lipman, personal communication) and in zoned eruptions, with layers alternating between crystal‐poor rhyolite and crystal‐rich dacite suggesting either fast rhyolitic magma regeneration or lack of complete 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eruption of evolved magmas during peak volcanism (Lipman, 2007). To create compositional zoning, two processes have been most discussed in literature: 1. In situ Fractional Crystallization (FC) In this model, a big tank of magma accumulates in the crust and through the process of fractional crystallization (often times thought to be gravitationally driven but another mechanical process is not precluded). The magma then undergoes compositional reorganization that relates to mineral melt equilibrium. Forward models show consistency with a mineral‐melt based process. A major issue, mentioned previously, is the failure to detect big tanks of magma. Furthermore, using the Bishop Tuff as an example, Hildreth (1979) refutes fractional crystallization as a viable fractionation mechanism for ignimbrite zonation. Were silicic phases such as feldspar and quartz removed from a late‐stage, roof zone magma, SiO2 content would be lower than the observed 75%. Stokes settling of Bishop Tuff phenocrysts and whole‐rock trace element ratios do not support this mechanism either. In contrast, Anderson, et al. (2000) suggest residual, highly differentiated melts may percolate through a system and accrete at the top of the chamber as crystals sink out of it. Michael (1983) showed that a standard fractional crystallization model could very well reproduce the changes in composition in the Bishop Tuff.  Thus, the viability of FC as a cause of compositional zoning remains debated. 2. Partial Melting of Lower Crust 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A second possibility proposed by Annen, et al. (2006) favors a partial melting (PM) model as a fractionation mechanism. This occurs in arc environments, characterized by a complex system of incremental basaltic underplating, i. e. a “hot zone,” contributing pulses of fast‐ascending melts of intermediate to silicic composition into the upper crust. Ascending magmas undergo degassing and crystallization, often stalling within the crust to form plutons, though sometimes magmas ascend to a shallow enough depth to be erupted. This avoids the “big tank” magma chamber problem and aphyric rhyolites issue but has its own issues, including little experimental data on the effect of water content on andesite ascent. Separation of melt from solids in a magmatic system is poorly understood, and there is still debate about its viability as a mechanism for compositional zoning in large, caldera‐forming systems. Melt ascent and coalescence is unlikely to preserve any compositional zonation because of inevitable chemical interactions with material through which melt would ascend (Hildreth 1979). Trace element gradients within the Bishop Tuff, especially Ba and Sr, also do not support a large‐scale partial melting model but again this may be debated. In an important study, Brophy (2008) compared partial melting and fractional crystallization models for a number of arc volcanic systems and found that both processes could adequately explain the data but neither were consistently the best match; either both FC and PM could occur. 3. Thermal Migration Zone Refining An alternative mineral‐melt equilibrium‐based mechanism for making a zoned magma body has recently been proposed. Lundstrom (2009) developed a 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model for convergent margin granitoid genesis by an incremental sill injection with differentiation by thermal migration occurring in the mush overlying each sill injection. The thermal migration zone refining (TMZR) model predicts compositional differentiation along a calc‐alkaline trend via a downward‐moving thermal gradient. It also predicts isotopic signatures consistent with previous observations of non‐traditional stable isotopic behavior. In addition, the model provides possible explanations for the granite space problem, mineral age inconsistencies throughout plutons, and corresponds with previously described sill emplacement models. This model is based on laboratory experiments conducted by Huang, et al. (2009) in which capsules of USGS standard rock powder AGV‐1 plus 4 wt% water were placed in different thermal gradients. One experiment had a thermal gradient of 950‐350°C  leading to a partially molten state; a second experiment acting as a control was at a lower, sub‐solidus temperature range of 550‐350°C. While the second experiment produced no chemical or isotopic gradient, the first experiment exhibited compositional differentiation as a result of diffusion across the thermal gradient. The cold end was enriched in K2O and silica; the experiment grades into darker, more mafic compositions and eventually pure melt at the hot end. Trace element fractionation is observed and trace element concentrations are consistent with equilibrium partitioning based on the changing mineral modes along the length of the experiment. Diffusion modeling using IRIDIUM (Boudreau, 2003) reproduces the major element results observed in the thermal migration experiments.  
  9 
Notably, due to diffusion driven by a temperature gradient, a process of isotopic sorting occurs in the experiment. Examinations of Fe, Mg, and Ca isotopic ratios show heavy isotope enrichment at the cold end and light isotope enrichment at the hot end of the gradient (Huang, et al., 2009, 2010). This effect provides a signature of a temperature gradient based process if it occurs in nature. The TMZR hypothesis is testable through measurements of non–traditional isotope systems such as Fe. If such a process dominated compositional zoning of magma systems, representative stratigraphic samples should exhibit a predictable isotopic pattern. 
Iron isotopic fractionation during igneous processes Iron (Fe) is found throughout the Earth and is the fourth most abundant element on our planet. It has three naturally occurring stable isotopes; 56Fe (91.754%), 57Fe (2.119%), and 58Fe (0.282%), and another 54Fe that is stable with respect to timescales of earth differentiation processes (5.845%, half‐life greater than 3.1 * 1022 yrs). Because the element has multiple valence states, forms oxides and minerals considered ubiquitous to many environments, is essential to biological function and is a tracer of nucleosynthetic and planetary‐scale differentiation processes, iron isotope measurements are a growing and increasingly useful tool to probe many different earth processes. Fe has two valence states relevant to igneous settings, Fe(II) and Fe(III). As the abundances of Fe(II) and Fe(III) directly reflect the oxidation state of a magma (oxygen fugacity), the partitioning of Fe into minerals and different modes of Fe‐
  10 
bearing minerals such as Fe‐Ti oxides in a magma are also directly influenced. Thus the oxidation state of the magma will control the elemental and isotopic Fe partition coefficients between melt and stable Fe‐bearing phases throughout the stages of magmatic differentiation and will have a significant influence on the bulk δ56Fe of the system at any particular stratigraphic position. Until recently, it was assumed that ratios of stable isotopes were not fractionated during high temperature processes. However, analytical advances allow reduction of measurement precisions to <0.1 permil for a number of element systems including Fe, Mg, Ca, and Si (Beard and Johnson, 1999; Weyer and Schwieters, 2003; Poitrasson and Freydier, 2005). With this increased precision has come the observation of clear trends in change in isotope ratio with extent of differentiation and as a function of oxygen fugacity. Using concentrations of elements such as Rb and Sr, or weight percents of oxides such as SiO2, Fe2O3, or MgO as a proxy for extent of differentiation in silicate rocks, a pattern of δ56Fe enrichment with increasing levels of differentiation emerges (Heimann, et al., 2008; Huang, et al., 2009). Though not every set of samples exhibits this enrichment pattern, the trend is consistent in a majority of igneous samples.  Polyakov (1997), using Mössbauer spectroscopy, predict measureable Fe equilibrium isotopic fractionation in samples throughout a large temperature range (room temperature to 1000K), recognizing the potential for application in many environments. Isotopic fractionation of 57Fe ‐ 54Fe should follow a temperature dependence with the isotopic fractionation proportional to 1/T2, with the 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porportionality constant varying substantially depending on the minerals or other materials involved. Several explanations for the observed δ56Fe increase with silica content have been proposed: 1. Fractionation of Fe into volatiles Using compositional and isotopic data from multiple intrusive and extrusive magmatic systems, a correlation can be drawn between extents of differentiation, volatile loss, crystallization temperatures, and Fe isotopic ratios. Poitrasson and Freydier (2005) suggested partitioning of isotopically light (i.e., lower δ57Fe) iron into volatile fluids in the later stages of granitoid evolution resulted in increases in 
δ57Fe with increasing silica content above 71 wt% SiO2 and below 0.6 wt% MgO in granitoids. Heimann, et al. (2008) expanded on the volatile model and proposed a model in which evolved, high δ56Fe rocks are a product of FeCl complexes formed in volatile escaping fluids at sub‐solidus temperatures. Ultimately, this may have implications for ore mineralization, since transition metals have a high tendency to partition into such fluids, providing a transport and concentration mechanism that can result in generation of ores including iron, copper, gold, and silver. Isotopic exchange during transition metal‐volatile complexation results in preferential removal of light Fe isotopes from the uppermost parts of a magmatic system (Heimann, et al., 2008). This model supports the observation of light δ56Fe signatures in iron ores (Markl, et al., 2006), formed by hydrothermal leaching of iron from the intrusion and into Cl‐rich fluids and granite‐leaching experiments 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using HCl and oxalic acid to simulate hydrothermal alteration (Chapman, et al., 2009). 2. Oxygen Fugacity Schoenberg and von Blanckenburg (2006) analyzed a variety of terrestrial and lunar materials, and found a particularly strong relationship between δ56Fe and silica in samples from the Bergell Intrusion. They suggested fractional crystallization concentrated light Fe isotopes into liquidus phases and subsequent mineral‐melt interactions as a function of oxygen fugacity resulted in the systematic increases in δ56Fe with increased SiO2 content. However, they had no experimental Fe fractionation factors to base their model on. Subsequently, Shahar et al. (2008) measured the isotope fractionation factor between magnetite and fayalite. Since typical magmatic Fe3+/Fe2+ is close to that of fayalite, these authors could use this fractionation factor to model the effects of FC. This showed that with typical differentiation, which progressively removes magnetite, the δ56Fe of the evolving liquid should decrease based on the tendency for heavier isotopes of an element to favor a more strongly bonded phase (i.e. a crystalline structure versus melt in a sub‐solidus environment). Thus, this appears opposite to the sense of evolution of δ56fe with differentiation observed in Bergell and many igneous rock suites. 3. Thermal Migration Zone Refining As discussed above, Thermal Migration Zone Refining (TMZR) provides another possible explanation for the δ56Fe versus silica observation, especially if silica content correlates with depth. 
  13 
While a great deal of work remains to be done on Fe isotopes in igneous systems, the existing data do bear on the previously discussed models of forming by compositional zoning by FC and PM. First, high temperature fractionations by removing minerals are limited to a 1/T2 dependence. Since heavier isotopes partition preferentially into stronger bonds, a progressively lighter Fe isotopic ratio would occur as melt composition evolved as a function of the temperature dependence and isotopic partition coefficients of Fe‐bearing minerals being removed from the melt. Second, the non‐traditional stable isotopic gradients, such as Fe, Mg and Si, thus far observed, do not support this model (Lundstrom, et al., in prep, Huang, et al., 2010); isotopic ratios of all three increase as composition evolves. As shown by Shahar with fractional crystallization, depletion of heavy Fe isotopes is expected with progressively more more evolved compositions, leaving  a light isotopic signature in the remaining melt fraction. This is not what is observed in silicic systems; significant increases in δ56Fe above mean mafic earth when whole rock SiO2 reaches approximately 71‐74% are instead observed in the most evolved systems (Poitrasson and Freydier, 2005; Beard and Johnson, 1999). 
Questions addressed in this study To determine the origin of compositional zoning of ignimbrites, two questions must be asked: 1. What are the controls governing compositional zoning in ignimbrites? Are chemical differentiation processes similar to those seen in intrusive granitoids? 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2. What do variations in Fe isotope ratios within and between ignimbrite eruptions tell us about the process forming the ignimbrites? Does an existing model, such as thermal migration zone refining (TMZR) or other, provide an explanation for observed isotopic variations? 
Hypothesis Testing Non‐traditional stable isotope systems have been shown to fractionate during igneous processes, both in the laboratory and in natural samples. Iron may become enriched in the heavier isotopes relative to mean mafic earth values in evolved (higher silica content) compositions. Past work on Fe isotopic fractionation has used bulk SiO2, MgO, total Fe oxides, trace element ratios, and/or Rb content as a proxy for magmatic differentiation when evaluating Fe fractionation processes in intrusions. If ignimbrites are affected similarly to intrusions, similar variations in 
δ56Fe can be expected relative to changes in bulk chemistry. A TMZR‐based hypothesis for forming the compositional zoning predicts an isotopically heavy, chemically evolved composition at the bottom of the ignimbrite (“first out” ignimbrite), gradually shifting to a less evolved, higher‐temperature, isotopically lighter composition representative of relatively deeper parts of the original magma chamber stratigraphy. To test the TMZR hypothesis proposed by Lundstrom (2009) as a viable mechanism to generate compositional zoning in ignimbrites, I measured δ56Fe, major and trace element chemistry, and 87Sr/86Sr ratios of a suite of samples representing cross sections of two ignimbrites from the San Juan Volcanic Field and several additional samples from other nearby 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ignimbrites with the intent to evaluate isotopic and chemical behavior as a function of host ignimbrite stratigraphy. 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II. The San Juan Volcanic Field (SJVF) 
Geologic History The San Juan Volcanic Field (SJVF) is a region of southwestern‐central Colorado characterized by extensive mid‐Tertiary calc‐alkaline ignimbrite deposits. It is located east of the Colorado Plateau and west of the San Luis Valley, the northernmost expression of the Rio Grande Rift system, which pierces its eastern edge (Figure 1). The SJVF is the largest erosional remnant of a larger igneous province, the Southern Rocky Mountain Volcanic Field (SRMVF; Figure 2). Compositions of ignimbrites range from andesitic to rhyolitic and are underlain by localized andesite flows and granitoid intrusions in some areas (Figure 2). The province experienced peak eruptive activity between 38 and 26 Ma, with earlier local andesite eruptions and occasional eruptions after peak volcanic activity, possibly as late as 10 Ma (McIntosh and Chapin, 2004; Lipman, 2007). Early eruptive activity of the SJVF began on the outer flanks, and over time moved toward the central caldera complex. Estimates of total erupted ignimbrite volume in the SRMVF exceed 100,000 km3 (Lipman 2007; Figure 3). Bachmann, et al. (2002) place total volume estimates for the SJVF at approximately 40,000 km3.   
Tectonic Setting The SRMVF is thought to be part of a larger mid‐Tertiary magmatic system extending from the Basin and Range Province and southern Rocky Mountains of the western United States to western Mexico (Davis, et al., 1993; Figure 1). Lipman, et al. (1972) suggest this magmatic belt extends further yet, spanning the entire western 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margins of the North and South American continents. Tectonic controls on the northern Tertiary volcanic fields are not well understood, especially compared to the Sierra Madre Occidental, which is linked to subduction of the Pacific Plate under the North American continent during the Oligocene. Geochemical evidence from the SJVF suggests it resulted from low‐angle subduction of the Farallon Plate (Lipman, 1972, 1978). Davis, et al. (1993), proposed an alternative model based on geochemical work in the Mogollon‐Datil Volcanic Field (MDVF) that suggests magma generation occurred after the regional tectonic regime switched from compression of the Laramide Orogeny to Basin and Range extension at approximately 40 Ma, with magmas sourced from lithospheric mantle contaminated by materials rising from the subducting slab. After 26 Ma, eruption of most of the voluminous ignimbrites had ceased in the SJVF as the late Oligocene‐ early Miocene extensional period of the Rio Grande Rift began, and most volcanic activity switched to eruption to a bimodal suite of trachybasalts and rhyolites (Lipman, 2000; Olsen, et al., 1987). The Rio Grande Rift system extends approximately 1000 km south from south‐central Colorado through New Mexico, Texas, and into Mexico (Olsen, et al., 1987) and is broadly linked to Basin and Range extension. 
Discrete Caldera Cycles Tuff samples obtained for this study represent a range of ages and compositions found within the SJVF. The samples came from the San Luis‐Cochetopa caldera cycle, a complex eruption cycle in the central SJVF locus represented by nearly twenty ignimbrites (Lipman and McIntosh, 2008), and the Bonanza caldera 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cycle, representing some of the earliest large‐volume ignimbrite eruptions on record in the SJVF. 
Bonanza Caldera – Bonanza Tuff With a mean age of 33.2 Ma from 40Ar/39Ar sanidine dating (McIntosh and Chapin, 2004), the Bonanza Caldera cycle is one of the earliest tuff units of the San Juan Volcanic Field. The ignimbrite is compositionally zoned, ranging from rhyolite to andesite, and has an estimated volume of approximately 250 km3 (Lipman and McIntosh, 2008). Andesitic lava flows from the Bonanza magma chamber, considered to be relatively passive, preceded “trap door” subsidence of the Bonanza Caldera. The variety of compositions and excellent exposures in the Saugache (southwest of Bonanza Caldera) and Gribbles Park (east of Bonanza Caldera) areas allowed detailed cross‐stratigraphy sampling representative of the majority of ignimbrite outflow sheets for isotopic analysis. 
San Luis‐Cochetopa Caldera Cycle 
La Garita Caldera – Fish Canyon Tuff The 28.02 Ma Fish Canyon Tuff is a crystal‐rich dacitic tuff, and with an erupted volume of 5000 km3, represents the largest eruption in the SRMVF. The tuff is classified as a monotonous intermediate (Hildreth, 1979) and considered the first of eight large eruptions to come out of the central locus of the SJVF. 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Bachelor Caldera ‐ Carpenter Ridge Tuff The compositionally zoned Carpenter Ridge Tuff dates to 27.55 ± 0.05 Ma (40Ar/39Ar sanidine age; Lipman and McIntosh, 2008) and a minimum erupted volume of 1000 km3. The second of the eight major eruptions in the central SJVF, the ignimbrite is sourced from the Bachelor Caldera located within the older La Garita Caldera. The tuff ranges from dacite to crystal‐poor rhyolite. In contrast to the Bonanza ignimbrite, the Carpenter Ridge stratigraphy appears to have a more competent, gradational zonation similar to that described in the Bishop Tuff by Hildreth (1979, 2007). The upper unit (Mammoth Mountain Tuff) of the eruption is characterized by a basal vitrophyre considered compositionally continuous with overlying material. Carpenter Ridge is the second ignimbrite I sampled in detail to study Fe isotopic behavior.  
San Luis Caldera Complex Located on the northwestern flank of the La Garita Caldera, the San Luis Caldera Complex yielded many of the youngest major eruptions to occur in the central SJVF. Four major eruptions occurred relatively quickly between 26.91 ± 0.02 and 29.87 ± 0.02 Ma (Lipman and McIntosh, 2008). 
Rat Creek Caldera ‐ Rat Creek Tuff The 26.91 ± 0.02 Ma compositionally zoned Rat Creek Tuff (Lipman and McIntosh, 2008) is the first of the four eruptions out of this complex and the smallest (~150 km3 volume) and least source‐constrained eruption of the complex. 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Its composition ranges from a lower crystal‐poor rhyolite to upper dacite and tuffs that tend to be poorly welded. 
Nelson‐Cochetopa Caldera ‐ Nelson Mountain Tuff The Nelson Mountain Tuff is a compositionally zoned ignimbrite ranging from rhyolite to dacite, similar to the Rat Creek Tuff, erupted at 26.90 ± 0.02 Ma (Lipman and McIntosh, 2008). Its minimum total erupted volume is 500 km3, the largest erupted volume of the complex in spite of the source caldera being “anomalously small” (Lipman and McIntosh, 2008). Subsidence at the adjacent Cochetopa Park Caldera is linked to the eruption of this tuff and likely accommodates the disparity between eruptive volume and caldera size at the Nelson Mountain source site. The two calderas have been linked to the same parent magma chamber, and when the Nelson‐Cochetopa Caldera subsided and began venting ash, the Cochetopa Park Caldera subsided as well. Rather than venting ash, the Cochetopa Park Caldera “pushed” additional magma laterally and out of Nelson Mountain. 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III. Field Work 
Sample Locales Rock samples were collected over the course of two summers. The first summer’s sampling included representative tuffs from several San Juan eruption cycles as well as several stratigraphically ordered samples from the Upper Carpenter Ridge Tuff (Figure 4). The second set included samples representing a near‐complete stratigraphic representation of compositional zoning from the Carpenter Ridge (Bachelor Caldera) and Bonanza (Bonanza Caldera) tuffs as well as some Bonanza caldera intrusives. Outflow sheets were preferred for sampling as they are more likely to retain the original eruptive stratigraphy, compared to equivalent intracaldera units. Stratigraphic control is important in helping reconstruct chemical and isotopic gradients in individual flow units of a given eruption and potentially of the parent magma body before eruption.  Sample collection sites (Table 1) were determined with the aid of Peter Lipman and sample compositions tentatively identified in the field using criteria for the region established by Peter Lipman, William McIntosh, and others. While dacites and rhyolites tend to look similar, they may be distinguished by phenocryst percentage. Dacites are phenocryst‐rich (typically 20‐50%; Lipman and McIntosh, 2008) while rhyolites are phenocryst‐poor (typically <10%; Lipman and McIntosh, 2008). Compositions of tuffs mostly vary from dacitic to rhyolitic but some more mafic compositions of basaltic andesitic (or just andesite) may be found. Compositions of intrusives were granodioritic and granite aplite. Varga and Smith (1984) describe the latter as a hypabyssal rhyolite. 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Geochemical analyses of Bonanza and Carpenter Ridge are reported, analyzed, and discussed separately because of the significant differences in the two systems in terms of age, total eruptive volume, and eruptive style. 
Rock Descriptions 
Carpenter Ridge Tuff The Carpenter Ridge Tuff reflects a compositionally zoned eruption with eruptive layering that is much less compositionally complex than Bonanza. Recognized as several distinct subunits, (Lipman, 2006), the Carpenter Ridge eruption is best represented by the upper Mammoth Mountain unit and lower Campbell Mountain and Willow Creek welding zones. The most accessible outcrops are located north and upsection of the Farmer’s Creek Trail southwest of Creede, CO (Campbell Mountain and Willow Creek welding zones; basal vitrophyre of Mammoth Mountain) and off of US‐160 south of South Fork (Mammoth Mountain unit), via Demijohn Rd. downhill of Ribbon Mesa (CRV, CRU‐1, CRU‐2, Table 1). East of the Creede Caldera resurgent dome, the basal layer is described by Lipman (2006) as a “fluidally welded” rhyolite. I obtained this sample (TCBW) with the intent to compare presumably unaltered samples obtained further upsection, having interpreted it as having undergone hydrothermal alteration based in its texture and general appearance (see Appendix B). However, presence of agate in float (Figure 6) indicates some local silicification of the formation occurred upsection as well, though the source location is unclear. Appearance of agates decreased higher up in the lower eruptive unit section. 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Bonanza Tuff and Intrusives The Bonanza Tuff is a 33.2 Ma ignimbrite erupted from the Bonanza Caldera with outcrop found on both sides of the caldera rim (McIntosh and Chapin, 2004). The bulk of the ignimbrite is found on the southern side of the caldera. I sampled at two locations: Findley Ridge southwest of Bonanza Caldera and the Gribbles Park area near Two Creek east of the caldera. 
Findley Ridge The most complete stratigraphic section comprises Findley Ridge west of Saguache, CO and north of Highway 114 (Figure 7). At this site, the ignimbrite is distinctly layered, with meter‐scale ash deposits (Figure 8) alternating in composition between rhyolitic, dacitic, and andesitic.  The rhyolite sample I obtained of the Findley Ridge Bonanza Tuff is light grey in color and range from poorly to densely welded. Containing 5‐10% phenocrysts, visible crystals are subhedral to euhedral with black biotites averaging ~2 mm diameter, colorless, euhedral sanidine up to 5 mm long, occasional anhedral quartz, and rare black, tabular hornblendes ~3 mm long. Dacites are similar in appearance to the rhyolites. The diagnostic feature distinguishing them from rhyolites are that they are phenocryst‐rich, with approximately 20‐40% phenocrysts. Phenocryst mineralogy is similar to those of rhyolites. Some samples contain lithics and fiamme. The middle of the Findley Ridge sample set, BFG‐6, BFG‐7, and BFG‐8, are striking in appearance compared to the rest of the samples. Identified in the field as andesitic, the samples are dark grey;,the nearly black groundmass distinguished this 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composition from the dacites and rhyolites. Samples are phenocryst‐rich and contain dominantly sanidine, then biotite. Red‐brown lithics and fiamme are common. 
Gribbles Park Originally thought to be a separate eruptive unit, there is 40Ar/39Ar evidence to link the upper rhyolite found at Findley Ridge to outcrops of tuffs found above Two Creek west of County Rd. 12 (Lipman, personal communication; Epis and Chapin, 1974; McIntosh and Chapin, 2004). Rhyolitic to dacitic in composition, samples are medium grey to purple in color, contain 15‐30% phenocrysts, with the remainder aphyric glass. Purple samples are rhyolitic and contain lithic fragments, often altered or surrounded by alteration halos. Lithics are light grey or dark brown and variable in composition. Light grey lithics have a sharp contact boundary with purple reaction rims slightly darker than the surrounding groundmass. Dark brown lithics are andesitic with a milky‐white reaction rim extending into the sample groundmass. Additionally, compressed, 2‐4 cm nonsilicified biotite and sanidine‐bearing pumice clasts and lithics occur. No lithics were separated for chemical analysis for this study. Phenocryst percentage is greater than that of the upper rhyolite at 10‐15%. Sanidine and biotite are the most common phenocrysts, with some quartz. Sanidine is colorless and euhedral, 1‐4 mm on a side. Biotite occurs in subhedral to euhedral books, approximately <0.5 mm thick with a 1‐2 mm diameter and is distinctive because of its striking bronze color not found in biotites in any other samples obtained. Some crystals appear to exhibit zoning with dark brown to black cores 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and bronze rims. Some plagioclase is present as anhedral, mm‐scale phenocrysts, and rare hornblendes no larger than ~2 mm. Trace, sub‐mm apatite crystals are typically green‐blue and anhedral to subhedral. Small amounts (<5%) of clinopyroxene are present in the Gribbles Park samples. Some alignment of minerals, particularly of biotite, is noticeable upon visual inspection. Some compressed pumice lithics are subparallel to parallel with the average biotite alignment. 
Intrusives I also sampled intrusive rocks exposed on the resurgent dome of Bonanza caldera. These are possibly linked to the Bonanza ignimbrite (Lipman 2010, personal communication). Aplites are present on the slopes of Whale Hill Mountain on the north end of the San Luis Valley and were sampled near the Spring Creek jeep trail. The aplites do not outcrop, instead forming small pockets of float with weathered pieces ranging in size from large cobble to small boulder. Breaking pieces open revealed significant water infiltration in many of the cobbles as well as other signs of alteration, most notably bright red, iron‐rich bands throughout an otherwise light grey rock. Because of evidence of extensive alteration, redundant samples were obtained. Red bands suggestive of hydrothermal alteration are present in all aplite samples. Within these bands, 2‐4 mm euhedral k‐feldspar phenocrysts the same color as the band are occasionally present; the remainder is sub‐mm‐scale, uniform, evenly distributed anhedral quartz and k‐feldspar. Grey portions of the aplitic 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samples exhibit similar textures, though feldspar phenocrysts tend to be less abundant. Weathering has produced dark grey to black rinds several millimeters to ~2 cm thick along surfaces. Diffuse grey to black mottling exists further in some samples, also likely a weathering product. I also sampled an outcrop of dark grey granodiorite, again above the San Luis Valley near the Villa Grove turquoise Mine. The rock is porphyritic, although phenocrysts tend to have a resorbed texture. Groundmass is finely crystalline with an average crystal size of approximately 1 mm diameter. Phenocrysts of tabular grey plagioclase, anhedral quartz, and anhedral pyroxene up to 5 mm long are present. 
Nelson Mountain Tuff Nelson Mountain ignimbrites exhibit simple compositional zoning thought to reflect the compositional zoning of the parent magma chamber, with a silicic lower section that becomes more dacitic upper section. Four samples were obtained, two from each section. Samples from the lower unit are moderately welded with a light grey, aphyric groundmass. Lower unit samples contain 1‐2 cm lithics of variable composition and ~5% phenocrysts. Phenocrysts are subhedral to euhedral black biotite, subhedral amphibole, trace magnetite, white plagioclase, and euhedral colorless sanidine, all no larger than ~3 mm. The lower‐silica upper unit has similar mineralogy, but is distinguished from the lower unit by a higher phenocryst percentage (~25%) and 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dark grey groundmass. Proportion of lithics in the sample is higher than the lower unit. 
Rat Creek Tuff The Rat Creek Tuff is a poorly welded, nearly aphyric, pumice‐rich ignimbrite. White to light tan, it contains <5% phenocrysts, predominantly biotite and sanidine. No quartz is visually detectable. Trace plagioclase is present as sub‐mm anhedral crystals. Pumice inclusions are 0.5‐2 cm in diameter, white, and aphyric. 
Fish Canyon Tuff The subject of extensive studies, the Fish Canyon Tuff is the largest SJVF eruption and a dacitic “monotonous intermediate” (Hildreth, 1979). The sample obtained for this study contains approximately 25‐35% phenocrysts in a moderately welded, light grey aphyric groundmass.  Phenocrysts include biotite, sanidine, quartz, and hornblende. Small pumice inclusions <0.5 cm are present. 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IV. Methods 
Sample Preparation and Analysis 
Scanning Electron Microscope One‐inch diameter polished round mounts cut from a sample were carbon‐coated and then mapped at varying magnification levels using a JEOL 840A scanning electron microscope (SEM).  The instrument operates under an integrated digital imaging and quantitative Energy Dispersive Spectrometry system made by 4Pi Analysis. The Revolution 1.6.0 software allows EDS x‐ray mapping in which EDS spectra from particular areas of a map can be extracted and quantified using mineral standards.  Beam conditions during the X‐ray mapping were 15 kV accelerating voltage and probe current of 60 nA. Deadtime on the EDS detector during collection was, on average, 20% and no greater than 30%. Scans were run as 1024 x 1024 maps with 50 ms/pixel collection.  Extracted spectra were quantified using spectra from Smithsonian Kakanui Hornblende and, for specific minerals, Albite and Microcline standards run at identical beam conditions.  The Revolution quantification routine uses a ZAF correction.  
XRF and LA‐ICPMS Representative samples weighing at least 20 g apiece were sent to the geochemical lab at Michigan State University to obtain bulk chemical data. Samples were crushed (if not previously crushed), powdered in a ceramic mill, and fused into 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glass discs using a low‐dilution fusion (LDF) method. 4 grams of rock powder are combined with 9 grams of lithium tetraborate flux agent in a platinum alloy crucible and heated to melting between approximately 800°‐1200°C. The fully liquid sample is poured into a platinum mold and allowed to cool. This preparation method allows analysis of major elements by x‐ray fluorescence (XRF) and trace elements by laser ablation mass spectrometry. A Bruker S4 PIONEER 4 kW wavelength‐dispersive x‐ray fluorescence (WDXRF) spectrometer was used to obtain major and some minor bulk elemental data. Table 1 lists standards used and their compositions. Minor, trace, and rare earth (REE) element data was obtained with a Micromass (now Thermo Fisher Scientific) Platform inductively coupled plasma mass spectrometer linked to a Cetac LSX 200 laser ablation system (LA‐ICPMS). Analyses are standardized using an internal standard, typically an element whose concentration was previously measured by XRF. Table 2 lists standards and compositions used for LA‐ICP‐MS. 
Isotopic Samples were trimmed with a diamond‐tipped, water‐lubricated saw to obtain chemically and isotopically representative material. Cut pieces free of saw marks were sonicated in 18Ω Millipore nanopure water for 15 minutes, then crushed with a jaw crusher to ~1 mm diameter grains. Using a ceramic mortar and pestle, samples were further reduced to fine powder. Approximately 10 mg of this powder was placed into 7 mL Savillex Teflon beakers and digested on a hot plate in a roughly 10:1 mixture of concentrated HF and concentrated HNO3. Digested 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samples were evaporated to dryness with 8N HCl to aid in removal of fluoride precipitates. Once a precipitate‐free liquid in 8N HCl was obtained, a sample was ready for chemical purification. 
Iron (Fe) For Fe isotope analysis, samples are converted to chloride form with 0.4 mL 8N HCl and allowed to equilibrate for a minimum of 1 hour on a hot plate; greater than 24 hours is preferable. After equilibration, 0.1 mL of sample solution containing approximately 2.5 mg of bulk sample was loaded onto a chloride‐conditioned 0.5 mL column containing AG1‐X8 100‐200 mesh resin. 2 ml of 8N HCl was then added to the column rinsing other cations off the Fe sample, which remained stuck to the resin; these washes were collected in 7 mL Savillex Teflon beakers, and retained for yield checks. 8N HNO3 was then added to the column to release Fe ions into a clean Teflon beaker. Eluted wash and Fe fractions were dried down on a hot plate and redissolved in 4 mL 2% HNO3 solution for isotopic analysis.  I analyzed the iron fractions using a pseudo‐high resolution method on the Nu Plasma HR MC‐ICPMS located in the Department of Geology at UIUC. Samples were introduced as 2% HNO3 into a DSN100 desolvating nebulizer. The accelerating voltage was 6kV.  To maximize precision on lower abundance iron isotopes, sample concentrations were adjusted to the maximum detectable by the instrument. Since the Faraday cup detector array registers ions traveling through the instrument as voltages to a maximum of 20V, an ideal solution is 12V‐17V on 56Fe. After proper concentrations were prepared, samples were spiked with a 57Fe‐58Fe double spike solution (Table 3) to achieve a 2:1 sample‐to‐spike ratio, or that 57Fe and 58Fe in a 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solution are detected at half the voltage of 56Fe. The term “double spike” (first used by Compston and Oversby, 1969) refers to a solution of two low abundance (or not naturally occurring) isotopes of a known, artificial ratio used to track instrumental bias so post‐analysis corrections can be applied to the sample in a closed‐form mathematical solution (for an example, see Gale, 1970) or an iterative correction, used for this study. In the case of the Fe double spike, each iteration of the correction program subtracts naturally occurring 57Fe and 58Fe values from the total measured abundances and calculates a mass bias correction based on the deviation of the measured double spike ratio versus the true ratio. This correction can then be applied to the measured ratio of the sample. The new data is sent through the iteration approximately 9 times to allow the values to converge.   Rudge, et al (2009) suggests the Fe double spike most tolerant to changes in sample‐to‐spike ratio is compositionally comparable to the UIUC double spike. This tolerance has not been extensively tested in‐house, though, and to eliminate any possible variations in δ56Fe measurements from variations in the spike:sample ratio, it is kept as constant as possible.  It should be noted that Rudge, et al. (2009) suggest a nearly 1:1 sample:spike ratio (Table 4) as an ideal proportion, but repeated analyses and the wide range of sample:spike ratio tolerance of the 57Fe‐58Fe double spike suggest the quality of our isotopic data remains high with the 2:1 ratio. Manganese (Mn) concentration in Fe isotopic solutions was monitored during analyses as concentrations resulting in several mV signals could potentially 
  32 
generate a measurable hydride interference on 56Fe and may indicate poor separation and resulting residual matrix in the sample solution. Ar‐based polyatomic ions pose a challenge for Fe isotope analysis, creating near‐isobaric interferences on Fe mass peaks. Pseudo high resolution involves narrowing the entrance slit to 50 micron width while the collector slit remains at its normal width of 1 mm. Although both a primary analyte signal and interference signals can be seen as contiguous peaks during a mass scan, isotopic measurements take place on the interference free low‐mass shelf. The resolution (Equation 1) on 
56Fe measured by the half height between 10% and 90% signal locations ranged between 5000‐7000 for analyses.  
Equation 1: M is the mass of the isotope measured and ΔM is the change in mass along the slope of the 
low‐mass side of the peak with the top and bottom 10% removed, illustrated in Figure 10. 𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = 𝑀∆𝑀  To correct for isobaric interferences from 54Cr and 58Ni, 52Cr and 60Ni are measured prior to the Fe isotope measurement. Assuming natural Cr and Ni ratios are present, 54Cr and 58Ni intensities are calculated from the 52Cr and 60Ni, respectively, and are subtracted from the total voltages on 54 and 58 amu. After this correction is applied, the Fe correction program iteratively calculates and subtracts the double spike from the natural 57Fe and 58Fe abundances. After separating double spike and sample 57Fe and 58Fe, mass bias is calculated for each iteration and correction applied to the sample ratio using the exponential correction equation 
  33 
(Equation 2). Spiked standards, including standard reference material IRMM‐014 and in‐house standard UIFe are employed to monitor analysis accuracy during each run. Additional USGS standards, including AGV‐1, BCR‐1, RGM‐1 and NOD‐P‐1, were processed using the same methods applied to the samples. The δ56Fe of these standards is given in Table 5. These provide quality assurance on the entire process from chemical separations to instrumental analysis. Most samples were analyzed a minimum of two times. External precision, reported as 2σ, was calculated from the standard deviation of all analyses for a particular sample. 
Equation 2: Exponential mass bias correction. Applied to a standard such as IRMM‐014, or a double 
spike, during an analysis, both Rmeas, the measured ratio of isotopes of mass M1 and M2, and Rtrue, the 
true value of the two masses (usually obtained by a different measurement method), are known. From 
this, the β value is calculated and applied to the measured ratios of the sample to calculate its Rtrue value. 𝑅!"#$ = 𝑅!"#$ 𝑀!𝑀! !  
Strontium (Sr) Strontium has four naturally occurring stable isotopes: 84Sr, 86Sr, 87Sr and 88Sr. To isolate strontium ions, the digested sample is dissolved in 3N HNO3 and loaded onto a 0.1 mL Sr‐spec resin column. Similar to iron separation, matrix ions are washed through the column with 3N HNO3, then Sr ions rinsed into 7 mL Savillex Teflon containers using alternating aliquots of 18Ω Millipore water and 0.05N HNO3.  Sr, once separated, is then evaporated to dryness and brought back up in a 2% HNO3 solution for isotopic analysis. Sample is run using the DSN. Solutions are prepared at concentrations of ~86 ppb to maximize signals of lower abundance isotopes. Because of krypton (Kr) interferences, 84Kr intensity is monitored during 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measurements to provide interference corrections on masses 86 and 84 amu.  An iterative procedure is used to solve for the 86Sr/88Sr ratio. Assuming a natural ratio of 0.1194, the exponential mass bias correction can then be calculated and applied to 87Sr/86Sr. The same is done with rubidium (Rb), which has two isotopes on masses 85 and 87 amu. 85Rb is monitored and from that, a correction on the 87 amu voltage is applied to determine the true value of 87Sr. Due to worries of elevated 85Rb affecting the correction algorithm samples with 85Rb signals above 0.09V were reprocessed through columns to remove excess Rb and reanalyzed. Age corrections to find 87Sr/86Sr at the time of eruption (or initial 87Sr/86Sr) then were applied using formation ages reported by McIntosh and Lipman (2008) and Rb and Sr data obtained from representative samples sent to Michigan State University. The age correction step adds some uncertainty since the isotopic and geochemical powders were prepared separately. Subtle heterogeneities in samples unnoticed during sample preparations could potentially result in small differences in Rb and Sr concentrations between the two preparations, resulting in some inaccuracy in age‐corrected values of samples. To simplify the discussion, I report all age‐corrected values, but only consider initial 87Sr/86Sr corrected with a Rb/Sr concentration ratio of less than 1/5. A large Rb/Sr ratio overcorrects the sample and reports incorrect, artificially low initial ratios. 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V. Results 
In order to systematically combine observations within each magmatic system studied, results are organized by presenting all data for each magmatic system together, in lieu of organizing data by individual geochemical parameters.  This enables combination of different types of data, and improves one’s ability to constrain the processes affecting the magmas. 
Assessment of Data Quality 
XRF Percent differences from literature‐based “true” values of various standards are reported in Table 6. XRF results for a limited number of trace elements are given; percent differences for low abundance elements (e.g. Ni in RGM) range up to 75%. 
LA‐ICP‐MS Accuracy and precision on LA‐ICP‐MS analysis for 23 trace and rare earth elements in Michigan State University standard JB‐1a are given in Table 7. Because of low Cr concentrations measured on XRF, Sr was used as the internal normalization element for the sample set. During analysis, five measurements of Michigan State University standard JB‐1a resulted in good accuracy and precision (Table 6, Table 7). Sm concentration in sample BFG‐9 of the Bonanza sample set is anomalously high both when compared to compositionally similar samples and adjacent elements on a 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chondrite‐normalized REE diagram. The cause of this error is unknown and Sm is not used in results analysis for Bonanza. 
87Sr/86Sr Strontium (Sr) isotope analyses have an average 2σ of ±0.000032, calculated from repeated standard measurements throughout analyses. Accuracy of measured values is indicated by the average SRM 987 value of 0.710257 compared to the true value of 0.710255. Comparison with previously published 87Sr/86Sr data for SJVF, I was able to anticipate expected isotopic behaviors and eliminate samples with corrected ratios falling outside the range of previously published values. 
δ56Fe Samples underwent multiple analyses, some representing multiple digestions. Offsets from IRMM‐014 for an individual sample vary between different runs. Estimated precision of δ56Fe (relative to IRMM in a given session) based on all the duplicate analyses is ±0.22‰ (2σ). However, the offsets between samples vary much less from run to run than this precision estimate would indicate. Thus, it appears the IRMM‐014 solution varied over time, relative to the samples. This variation in the relative value of IRMM‐014 suggests either unanticipated behavior, such as speciation, with IRMM solution or matrix effects of processed samples relative to liquid standards that is not accounted for by the double spike method. This results in consistent offsets in δ56Fe of samples seen within the Bonanza sample set (Figure 11). If one treats the variations relative to an average value for the rocks in Figure 11, the precision, calculated as 2σ of the average offsets on samples 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plotted amounts to 0.06‰, calculated from all values plotted in Figure 11. Furthermore, similar concentration offsets in some elemental concentrations is observed for these samples lending credence to the interpretation that these are significant geochemical variations that produce an oscillation behavior of samples in the Findley Ridge section.  
Offset Determinations Plotted in relative stratigraphic order, each offset is calculated as the difference between a value and that of the sample immediately above it. To find this offset (Δ56Fe), the following formula is used: ∆!"Fe(!!!) =  δ!"Fe!!! −  δ!"Fe!  where the lower number (n) represents a higher stratigraphic position of a sample, hence why no offset value is reported for BGP‐4 in Figure 11. Calculated relative to lower stratigraphic positions, results are similar. After calculating offset from IRMM‐014, Δ56Fe was calculated for all stratigraphically adjacent samples measured in individual runs, identified by date, and plotted. An average Δ56Fe was calculated from Δ56Fe values between samples for individual runs where possible, as was a Δ56Fe between the averaged δ56Fe values for each sample. Average Δ56Fe of individual runs (Figure 11; teal line): 
∆!"Fe !!! ,!"# !"#!$ !"# =   ∆!"Fe(!!!)! 𝑥  where x is the total number of Δ56Fe values between two samples from individual runs and n is the representative stratigraphic position of the sample. As 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well, a Δ56Fe value was calculated to evaluate the offsets of the average values for each sample, reported in Table 11, using the formula below: 
∆!"Fe !!! ,!"# !"" !"#$ = δ!"Fe(!!!) ! 𝑥 − δ!"Fe(!)! 𝑦  where x and y are the number of analyses performed on each sample. It is clear that similar offsets are consistently observed within individual runs in spite of less than ideal external precision. As such, I argue these offsets are real despite some less than ideal 2σ uncertainties of some samples. 
Bonanza 
Major and Trace Element Behavior Bonanza samples have a wide compositional range. The SiO2 content of the entire sample set including both extrusive and intrusive rocks varies from 53% to 78% (Table 8, Table 9, Figure 12). As SiO2 content increases, MgO, Fe2O3, TiO2, Zr, CaO, MnO, P2O5, Sr, and Ba decrease in concentration. Al2O3 increases as silica increases up to roughly 60% SiO2, then decreases. Similar behavior is seen in Ba concentration; Ba increases until roughly 60% SiO2 content, after which concentration decreases. K2O and Pb, both large ionic‐radius components, increase with increasing SiO2. The Pb enrichment pattern indicates no direct mixing of mantle magma with crustal melts; mixing between crustal and magmatic melts would result in a linear increase in Pb. An exponential pattern probably related to mineral melt partitioning in of the magma system is instead seen. K2
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within the lower dacite section. Late dacites tend to have higher K2O contents despite having no substantial difference in whole‐rock SiO2 content from the early dacites. Na2O exhibits much scatter and no systematic trend with SiO2.  Rb concentration increases slightly with increasing SiO2 as well (Figure 12). There is substantial compositional variation between samples from different stratigraphic heights of the outflow sheets sampled at the Findley Ridge site. These compositions correlate with chemical data published by Varga and Smith (1984) for various parts of the stratigraphic order. Whether these variations reflect distinct eruptions, or merely different flow units (as defined by Varga and Smith, 1984) within one eruption is not clear, but samples were taken based on visual differences of appearance at outcrop. Although the Findley ridge samples do not follow a simple differentiation trend through the stratigraphic sequence, the data as a whole exhibit normal whole‐rock differentiation trends. Extended trace element plots (Figure 13) show distinct differences between compositional subunits. Early dacites are depleted in Ba and P compared to the late dacites. The granodiorites, though assumed to represent the least differentiated rock type in the Bonanza sample set, exhibit some Ba depletion not observed in the late dacites. In addition, the rhyolite sample (BFG‐1) is less depleted in Ba, P, and Ti than the aplites, a chemical distinction that is not always observed in other trace element behavior. As mentioned above, there is an apparent chemical oscillation in some element compositions with a pattern corresponding to different flow units in the Lower Dacite unit (samples BFG 2‐11; Figure 14) as determined by Varga and Smith (1984). This behavior is observed in multiple elements and corresponds to an 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apparent systematic compositional change in which trace element concentrations and ratios suggest a less‐differentiated composition at the top of an individual flow (except for Flow 1A, which exhibits the reverse) unit compared to the bottom, although major element composition does not undergo substantial changes (Figure 14). Though not present throughout the entire sequence, the oscillatory pattern is fairly consistent in many elements.   The specific differentiation process controlling this oscillatory behavior and its absence in the lower part of the dacitic section is presently not understood.  A chemical discontinuity is present in many elements at this point in the stratigraphy as well, possibly representative of an eruption break, though it should be noted that REE behavior (Figure 15, Figure 16) does show an overall depletion of the lower portion of the dacite unit. I propose that the Bonanza lower dacite unit can be subdivided at this horizon into upper and lower subsections. To avoid confusion with the entire lower dacite sequence in further discussion, the subsections will be referred to as early and late dacites. 
Early Dacites Early lower dacites are represented in this sample set as BFG‐7 through BFG‐11, obtained from the Findley Ridge site. Relative to the lower dacites, the lower incompatible trace element concentrations in this series coupled with lower initial 
87Sr/86Sr (next section) suggests a more depleted source despite little difference in SiO2 content (Table 9). Based on this coupling of trace element concentration with initial 87Sr/86Sr, I will refer to consistently refer to differences of enriched and depleted sources between the early and late dacites. 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Compared to the other Bonanza samples, the early dacites do not follow the expected trace element differentiation sequence. Ratios of compatible and incompatible elements can be compared to evaluate differentiation within a magmatic system. Using Pb/Ba versus Eu/Sm ratios (Figure 17‐A) to represent expected evolution of the entire magma system, Bonanza ignimbrites plot on a well‐correlated line with the exception of the early dacites (Figure 17‐B). Pb and Sm are relatively incompatible and concentrate into the melt phase, while Ba is compatible in plagioclase, biotite, and hornblende and Eu partitions into plagioclase. Therefore, the expected trend using these proxy ratios should result in an exponential curve with aplites at one end with high Pb/Ba ratios and low Eu/Sm ratios; and the intrusive granodiorites at the other end with low Pb/Ba ratios and high Eu/Sm ratios. Samples plotting in a linear slope would suggest mixing was the dominant process producing the observed variations. Since the samples plot on an exponential curve, simple magma mixing as a dominant fractionation process can be ruled out.  While several samples arguably do plot with the entire sequence, there are outliers. One outlier (BFG‐9) can be dismissed because of a potentially anomalously high Sm concentration resulting in an artificially low Eu/Sm ratio. However, the early dacites do not conform to the trend of Pb/Ba vs. Eu/Sm defined by the rest of the Bonanza samples; it appears there is some other process influencing these samples that does not influence the main Bonanza suite. Additionally, the intrusives, particularly the aplites, exhibit scatter and a poor fit to the ignimbrite data, which may be attributable to observations of propyllitic alteration (Varga and Smith, 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1984) or simply differences in the phase assemblage (for instance minor amounts of sulfide in the aplites could greatly increase Pb/Ba).  
Late Dacites Late dacites are represented by BFG‐2 through BFG‐6 in the Findley Ridge sequence. Some incompatible major and trace elements exhibit higher concentrations and enrichment compared to the early dacites (Figure 14) and slight upward enrichment within individual flow units. The late dacites tend to reflect a normal differentiation trend and plot in line with the other Bonanza samples (Figure 17). Though they demonstrate no appreciable difference in bulk SiO2 content from the early dacites, many high field strength and compatible elements are enriched in comparison (Figure 13), indicating the late dacites come from a more enriched source. 
Strontium Isotopic Behavior Early and late dacites are isotopically distinct, with early dacites yielding an average value of 0.7056 and late dacites a value of 0.7066 (Table 11, Figure 18). Ratios in this study are consistent with 87Sr/86Sr values reported by Varga and Smith (1984) for flow units 1 (early dacite; 87Sr/86Sr of 0.70585) and 5 (late dacite; 
87Sr/86Sr of 0.70688). This is consistent with the overall enrichment of the incompatible element concentrations in the late dacites relative to the early dacites and indicates that this difference in element contents relates to sources of the magmas. The Gribbles Park samples range from 0.7055 to 0.7068. The low value belongs to BGP‐1. 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Age‐corrected 87Sr/86Sr of intrusive rocks shows considerable variability. However, some aplite values appear to correct to abnormally high initial ratios (0.7119 through 0.7222) while others correct to exceptionally low values (0.7036; BAP‐4). Dacitic sample BFG‐2 also corrects to an abnormally high ratio in spite of a Rb/Sr ratio of 0.183; it is unclear if elevated Rb in the isotopic solution influenced the correction or if this was due to some other error. As discussed, these are likely inaccurate time corrected ratios due to the uncertainties with high Rb/Sr on different powders for isotope and concentration analysis. The granodiorites yield ratios of 0.7058 and 0.7057, in line with the earliest‐erupted ignimbrites. 
Iron Isotopic Behavior Results for Fe isotopic analyses show subtle, yet significant variations within Bonanza samples, ranging from ‐0.31‰ to +0.79‰ (see Table 11). Unlike several previous studies showing that both intrusive and extrusive rock suites show relationships between δ56Fe and bulk SiO2, the Bonanza ignimbrites do not exhibit a significant correlation with bulk SiO2 content (Figure 19‐E). With addition of aplites, the overall trend emulates the pattern reported in previous studies but clearly not the simple relationship seen previously (Beard and Johnson 1999; Heimann et al. 2008). 
δ56Fe in Bonanza ignimbrites shows considerable variability regardless of composition. The highest‐ SiO2 sample, BFG‐1, has a δ56Fe of only +0.10‰. Conversely, the dacites measure from ‐0.02‰ to +0.35‰. The Gribbles Park samples, correlated to the Upper Bonanza Tuff (McIntosh and Chapin, 2004), range 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from ‐0.19‰ to +0.23‰. Though ignimbrite δ56Fe signatures do not correlate with bulk SiO2, they do exhibit a correlation with Pb, and to a lesser extent, Ba concentrations (Figure 19‐A and B). When sample isotopic data are correlated with approximate position on the Findley Ridge stratigraphic column (Varga and Smith 1984), δ56Fe appears to correlate strongly with positions within discrete flow units (Figure 20). I obtained multiple samples for flow units 1a, 2, and 5. Within a flow unit, heavy isotopic ratios are observed at the base and grade lighter toward the top (Figure 14). Typically, though not always consistently, major and trace element behavior (Figure 14) suggest a normal differentiation trend from top (least differentiated part of flow unit) to bottom (most differentiated). In some cases, this gradation is subtle or not seen, being effectively within average uncertainty of the compositional data. To evaluate the possible influence of alteration processes on the aplites, one sample, BAP‐1, was sectioned into two separates, one portion representing the red, hematite‐rich, hydrothermal bands and the second representing the (presumably less altered) grey aplite. The separates are isotopically distinct: the grey aplite is isotopically heavy (+0.54‰ to +0.78‰) while the red aplite is isotopically light (‐0.31‰). 
Carpenter Ridge 
Major and Trace Element Behavior The Carpenter Ridge sample set on the whole exhibits less major and minor element variability than Bonanza (Figure 21). SiO2 content varies from 68% to 78% 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(Table 12, Table 13), with all samples but TCBC‐2 over 70% SiO2. As a function of stratigraphic position, the lower Carpenter Ridge samples (Campbell Mountain WZ and Willow Creek) generally decrease in SiO2 from bottom to top, except for the increase between samples TCBC‐2 and TCBC‐1. Upper Carpenter Ridge samples (Mammoth Mountain) tend to decrease in silica upward as well, although the compositional variations are much smaller. This trend is also observed in other major elements (Figure 22). Trace elements (Table 14) also follow the general differentiation trend observed in the major element chemistry. Eu/Sm vs. Pb/Ba (Figure 23) plots yield a well‐constrained trend. Eu/Sm increases from bottom to top and Pb/Ba decreases as expected. However, La/Sm increases slightly from bottom to top of the Lower Carpenter Ridge, while gradually decreasing in the Upper Carpenter Ridge. REE behavior parallels the differentiation of the major element trends (Figure 24). TCBW (Willow Creek) has a similar pattern and depth of Eu anomaly to that of the basal vitrophyre samples of the Upper Carpenter Ridge/Mammoth Mountain tuff. The Campbell Mountain samples, with the exception of the dacitic TCBC‐2 (Figure 24‐B), mirror the REE patterns of the Mammoth Mountain rhyolites (CRU‐1, CRU‐2; Figure 24‐A) with an Eu anomaly shallower than that of the Willow Creek and vitrophyre patterns. As a function of stratigraphy, the Campbell Mountain samples (Figure 24‐C) exhibit slight variations. The Eu anomaly decreases slightly from top to bottom, though. Carpenter Ridge tuff trace elements exhibit a systematic enrichment and depletion pattern as a function of stratigraphic unit (Figure 25). Extended trace 
  46 
element plots show a progressive upward enrichment in all trace elements (with exception of Ba in TCBC‐2) through the lower Carpenter Ridge sequence (Willow Creek and Campbell Mountain; Figure 25‐D and Figure 25‐C, respectively). Ba and P depletions relative to adjacent elements decrease upward while Ti increases. At the base of the upper Carpenter Ridge (Mammoth Mountain vitrophyre; Figure 25‐B), the concentrations of all trace elements are comparable to the Willow Creek (TCBW). Similar upward enrichment and depletion behavior is present again in the upper samples (CRU‐1, CRU‐2; Figure 25‐A). 
Strontium Isotopic Behavior 
87Sr/86Sr initial values for the entire Carpenter Ridge sequence sampled vary from 0.7065 to 0.7081 (Table 15). The lowest value (0.7066) occurs at the base of the Campbell Mountain Welding Zone series (TCBC‐4). No clear trend emerges in the system as a whole or in the upper and lower subunits (Figure 22). 
Iron Isotopic Behavior Compared to the Bonanza ignimbrites, the Carpenter Ridge tuffs behave more closely to previously observed trends with increasing silica; δ56Fe tends to get heavier as bulk SiO2 content increases (Figure 26‐A), and particularly so above ~74% SiO2. δ56Fe in this sample set varies from ‐0.06‰ to +0.26‰, with values above +0.10‰ in the most SiO2‐rich samples, save for CRU‐1. While separate flow units within the Bonanza eruption are well documented, the existing literature for Carpenter Ridge (Whitney, et al., 1988; Olsen, et al., 1968) gives very little information on how flow units within the tuffs are defined. Olsen, et 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al. (1968) suggests presence of “at least two” flow or cooling units within the Carpenter Ridge, although these are ill‐defined and marked locally by basal vitrophyres. Since that initial description, the Carpenter Ridge stratigraphy has been redefined (Lipman and McIntosh, 2008; Lipman, 2006) and expanded. As a result, trace element concentrations and ratios of samples can only be compared to relative stratigraphic position within their eruptive unit and not as a function of flow unit; these separate flow units cannot adequately explain some of the chemical and isotopic behavior observed in the Carpenter Ridge sequence. 
Regional Behavior Chemical and isotopic data for additional SJVF samples are reported Table 16, Table 17, and Table 18. These are not included in any discussion because sampling is not detailed enough to evaluate systematic behavior of the tuff units the samples represent. However, the data help characterize regional chemical behavior of the SJVF. The samples plot on a calc‐alkaline differentiation trend (Figure 27), behavior previously described by Lipman and others. Figure 27 plots all samples on a TAS diagram. For ease of discussion of results, only general rock nomenclature are used after the fashion of Lipman and other authors. 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VI. Discussion 
The origin of compositional zoning in ignimbrites and plutons, and the mechanisms of magma differentiation in silicic caldera systems have been discussed and debated for decades. Despite the addition of relatively new observations such as seismic imaging of magma bodies and new techniques, including high precision MC‐ICP‐MS measurements of non‐traditional stable isotopes, major questions remain about the processes causing systematic zoning and overall differentiation trends. The comprehensive data provided by this study add new information to the problem. 
Bonanza My results for the Bonanza system provide a new observation of oscillatory behavior which, while complex, has potential to offer new insight into the isotopic and chemical behavior of individual flow units comprising a given ignimbrite sequence.  Given the template of typical zoning in a magma chamber whereby cooler, more differentiated magmas lie on top of hotter, more mafic ones, it is difficult to envisage how a rhyolitic layer forms beneath a less‐evolved magma within a chamber. However, this is how some of the oscillations might be viewed. Yet there are possible analogues of this oscillation preserved in some plutonic systems. For instance, alternating intermediate‐composition and silicic layers are observed in some plutonic systems such as the Searchlight pluton (Bachl, et al., 2001) and the Sonju Lake‐Finland granite plutons (Miller and Chandler, 1997). Indeed, Bonanza 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ignimbrites do exhibit some of the greatest compositional variation of the SJVF ignimbrites (Lipman and McIntosh, 2008). More work is needed to determine if such a process may have been at work in the Bonanza magma body. Alternately, some of the complexity of Bonanza ignimbrites could relate to a “trapdoor style” eruption (Varga and Smith, 1984) and structural constraints may have influenced the eruptive stratigraphy. For instance, Lipman (personal communication) suggests rhyolitic melt may have been trapped under the trapdoor “hinge” while the dacites erupted. In addition, it is possible that eruptions occurred in pulses; magma was emplaced in the chamber, and then erupted out after a short repose, forming the flow units described by Varga and Smith (1984).  This model is discussed in further detail later in the discussion. 
Isotopic Behavior 
87Sr/86Sr Initial 87Sr/86Sr does not exceed 0.7068 in Bonanza ignimbrites, indicating the parent magma did not interact significantly with radiogenic Precambrian crust into which it intruded (Lipman, et al., 1978; Hildreth, 1979). This, combined with the low Fe content of the surrounding basement rocks, effectively refutes crustal assimilation as a major iron fractionation mechanism. Granodioritic intrusives associated with the Bonanza ignimbrite do not exhibit significant radiogenic Sr enrichment either, indicating little crustal contamination. The aplites produce extremely high initial 87Sr/86Sr and as stated above, I consider these to reflect uncertainties in the age correction associated with high Rb/Sr. Nevertheless, if these 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ratios were in fact representative of the initial 87Sr/86Sr, the it would suggest that there was increased crustal contamination in the latest stages of magmatic differentiation of the system. The early and late dacites of the Lower Dacite unit are clearly distinguishable by 87Sr/86Sr ratio; BFG‐7, the stratigraphic uppermost representative of the early dacites, has a ratio of 0.7055 ±0.0002 whilst BFG‐6, the lowermost late dacite representative in the sample set, has a ratio of 0.7067 ±0.0002. There is a clear offset between the two subunits; the early dacites have an average ratio of 0.70560 ±0.00007 (2σ) and the late dacites have an average ratio of 0.70655 ±0.00010. This corresponds closely with a more enriched source based on rare earth element concentrations in the late dacites compared to the early dacites. 87Sr/86Sr of the Gribbles Park samples largely correlate with that of the upper eruptive units found in Findley Ridge, though no parallels in composition or physical appearance can be drawn between the two (See Appendix B). Note that the 87Sr/86Sr ratios, while distinguishing these different subunits of the lower dacite, does not exactly conform with what might be expected for a single vertically zoned magma body which erupts to form the lower dacite ignimbrite. The lower 87Sr/86Sr occurs in the early unit and this increases upward into the later unit; usually, crustal input of higher 87Sr/86Sr occurs in the top of the magma chamber (early erupted material) and progressively gets lower in 87Sr/86Sr. 
δ56Fe Fe isotopic ratios in Bonanza ignimbrites show no straightforward relationship with silica content. While the intrusive representatives exhibit the 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predicted behavior in which δ56Fe increases with increasing SiO2 content, the system as a whole does not follow this previously observed relationship. Instead 
δ56Fe correlates better with variations in elemental concentrations and with several elemental ratios that serve as differentiation proxies, such as Pb/Ba, K/Ba, and whole rock Mg# as a function of stratigraphy (Figure 19). High δ56Fe values tend to correlate with lower Mg# (with the exception of Flow 1A where the relationship is reversed) and higher Pb/Ba, La/Eu (again excepting Flow 1A for this ratio) and K/Ba. The reversal in Flow 1A is present in many major and trace element concentrations (e.g. Ba, Eu, La, SiO2, MgO, and Fe2O3). Because of the difficulties in assessing the connection between ignimbrite and parent magma pre‐eruptive stratigraphies, it is unclear if this may represent a marginal reversal near the top of the chamber. As shown in Figure 20, δ56Fe values within the Findley Ridge stratigraphic sequence oscillate about the mean value for the mafic earth and these oscillations appear to relate to tops and bottoms of flow units defined by Varga and Smith (1984). With the exception of samples from Flow 1A (stratigraphically lowest), flow units where more than one sample was obtained are typically enriched in incompatible elements and depleted in compatible elements at the bottom of the flow compared to the top. Flow 5 is represented by 3 samples accounting for approximately two thirds of the lower part of the unit. The topmost sample suggests a reversal in the chemical trend, which correlates with a change in welding quality of the tuff (Figure 9), possibly representative of a fresh magma “pulse” or eruption. 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Additionally, plotting approximate sample locations (estimated horizontal error in GPS coordinates of a 7 m radius on average, which translates to an average vertical error of up to a couple of meters on the steepest gradients of Findley Ridge) strongly suggests a correlation between δ56Fe of a sample and its approximate vertical position within a flow unit on Varga and Smith’s stratigraphic chart. Particularly evident in flow units where two samples were obtained is this variance – samples taken near the bottom of a flow unit have the heaviest δ56Fe and samples higher up in flow units tend to have a lighter δ56Fe.  (Figure 14) If the relationship between position within a flow unit and δ56Fe holds, then the data would be consistent with a thermal migration process occurring over meter to decimeter scales. For instance, the process could involve emplacement of meter‐thick sills and differentiating the overlying meter of material similar to that predicted in intrusive settings by Lundstrom (2009). While kilometer‐scale TMZR was modeled in IRIDIUM using a stack of nodes representing the temperature gradient in a magma body with each node being 300 m in thickness, the actual length scale of the process is poorly constrained and it possibly occurs at smaller length scales as a function of heat transport. For instance, the TMZR model for layered mafic intrusions (Lundstrom et al., 2011) uses a 30 m node spacing. At smaller scale, significant iron isotopic fractionations might still be predicted as a function of vertical position, whereas the bulk chemical composition might only change slightly because of short residence time between injection and eruption of the material. To model thermal migration processes with regard to Bonanza, a smaller node spacing is required to generate the trace element and isotopic 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gradients observed flow units tens of meters thick, though it must be noted that the connection between flow unit thickness and its thickness in pre‐eruptive stratigraphy is not yet understood.. 
Major and trace element behavior Pb and Ba concentrations and some trace element ratios exhibit this oscillatory variation as well (Figure 14). Some major element concentrations exhibit oscillatory behavior in the late dacites as well, particularly SiO2. Often this oscillatory behavior is present only in the late dacites, and average concentration is higher than that of the early dacites. However, most other trace elements do not show oscillatory behavior but instead delineate the break defining the early and late dacites in the Lower Dacite unit.  Such oscillatory behavior is observed in other silicic volcanic systems. Compositionally zoned ignimbrites of the Italian Phlegrean Fields caldera system exhibit oscillatory trace element zonation along the extent of their stratigraphy (Perugini, et al., 2010). The study found cm‐scale oscillations within 16 and 20 m (Figure 28) stratigraphic sections of source‐constrained pyroclastic deposits comprising an active period from 4.8 to 3.8 ka (Rosi, et al., 1983). Through a combination of lab experiments and simulations, this author developed a model suggesting a “diffusive fractionation” process coupled with magma mixing, possibly driven by chamber refill days prior to eruption onset. This has implications for eruption timing as well as geochemical processes of the Bonanza system. If the Bonanza ignimbrite was indeed deposited in ~100 kyr and its individual flow units represent eruption “pulses,” the time scales for individual flow units may be on the 
  54 
order of the entire phase of eruptive activity from which the Phlegrean Fields deposits originated. Oscillatory behavior within Bonanza does not vary as greatly as the Phlegrean units (Figure 14), possibly reflecting the longer equilibration times of Bonanza magmas inferred from a longer eruptive phase. However, both suggest similar trends in the overall evolution of the parent magma during the course of the eruption. Meter‐scale oscillations seen in Bonanza may not be directly comparable to cm‐scale variations within the Phlegrean eruption deposits, though; more detail sampling of individual flow units is required for a better overall comparison. Within individual flow units and especially those where multiple samples were obtained, K/Ba ratios (and others) tend to indicate, though not consistently, that the lower, earlier‐out portions of the flow unit have undergone a greater degree of differentiation than the topmost later erupted parts of a given flow unit, and these appear to correlate with the Fe isotopic ratios (Results Figure 9‐d). Whole rock Mg# and SiO2, though oscillatory, exhibit no discernable trend along stratigraphy, suggesting little major element differentiation occurred. Trace element concentrations are oscillatory, particularly in early dacites and less so or not at all in late dacites, which may parallel a pre‐eruptive magma mixing process during chamber refill, as suggested by Perugini, et al. (2010). Occurring immediately prior to eruption of individual flow units, meter‐scale differentiation controlled by diffusion in mixing magmas could provide a possible explanation for the behavior observed in the trace elements and δ56Fe. Given the observations of trace element concentration oscillations occurring over relatively short stratigraphic scales, it is unlikely that the Bonanza magma 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chamber could be viewed similarly to the Long Valley magma chamber at time of eruption of the Bishop Tuff (Hildreth 1979). If instead the oscillation represents sills injected at varying levels, a differentiation process such as thermal migration may be occurring on a meter scale between eruptions of individual flow units. One test of this would be to see if other non‐traditional isotope systems show positively correlating variations.  As a part of a magma is erupted, the thermal gradient may be reset and any sort of magma recharge or volatile saturation process may control differentiation along a thermal gradient present in that part of the magma chamber (Figure 29). Since the mush is a combination of crystals and melt, the conditions are present for TMZR to take place. While some units (such as Flow Unit 1, which is more mafic and exhibits reverse stratigraphic zonation with normally‐zoned δ56Fe ) are not consistent with this model; many of the units show evidence exists in major, trace, and isotopic chemistry for it to be a viable differentiation mechanism prior to eruption. Flow unit‐driven dacite fractionation does not explain the low δ56Fe of sample BFG‐1, the upper rhyolite series sample. Because of the single data point for the upper rhyolite unit, isotopic stratification, if it exists, cannot be identified in the upper rhyolite layer. Any comparison of the differences in fractionation processes controlling δ56Fe of the lower dacites and upper rhyolites requires more data to assess the isotopic behavior for the upper rhyolites. The dacitic‐to‐low silica rhyolitic Gribbles Park equivalent does not appear to be a good analogue for the rhyolite at Findley Ridge because of compositional and spatial differences. The 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sample (BFG‐1) was taken from just above the rhyolite‐dacite contact ( which occurs between BFG‐1 and BFG‐2), and the following questions remain unanswered: 1. Does δ56Fe of the upper rhyolite unit change with stratigraphy or is it homogeneous and similar to BFG‐1? 2. Varga and Smith (1984), postulate that the upper rhyolite melt ascended quickly from greater depth; was the rhyolite present when the dacites erupted, or did it ascend after? 3. What is the effect of dacites erupting without having first formed a rhyolitic cap and does this have an effect on a potential fast rhyolitic ascent mechanism such as that suggested by Bachmann and Bergantz (2004)? Could this have an effect on isotopic signatures?  
Carpenter Ridge While Carpenter Ridge tuffs may have undergone differentiation and fractionation processes similar to those in Bonanza, the two systems show fundamental differences in their behavior. One notable difference that sets the two eruptions apart is the oscillatory behavior in trace element concentrations in Bonanza that is not observed in Carpenter Ridge. Another important difference is the size of the inferred source magma body, estimated at a minimum of 1000 km3 for the entire Carpenter Ridge eruption, versus 250 km3 for Bonanza.  It is possible that the lack of oscillation could reflect sampling: during my sparser sampling at Farmer’s Creek, I noticed that the tuffs tended to outcrop as buttresses with quaternary cover between exposures, so meter‐scale oscillatory 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behavior, though not seen in results reported here, cannot be ruled out. More detailed sampling is recommended to better assess the potential for small‐scale oscillatory behavior. 
Major and trace element behavior Another difference is seen in some trace elements. The connection between Ba and Pb content and δ56Fe is not as strong, though what this suggests about differentiation is unclear, especially with the higher average SiO2 content of the CR sample set. There is a need to also assess the effect, if any, that suspected alteration processes (based on evidence of silica‐bearing fluids in the field area and the brief description in Lipman, 2006 of CMWZ being the “least altered” tuff of the unit it belongs to) may have had on concentrations of Pb and Ba. Trace element behavior in the Carpenter Ridge eruption neatly divides the eruption into the upper (Mammoth Mountain) and lower (Campbell Mountain and Willow Creek) portions previously defined. The behavior is best outlined by extended trace element plots of each subunit of the eruption (Figure 13). Both basal portions of the upper and lower parts of the ignimbrite exhibit similar magnitudes of depletion, particularly noticeable in Ba, P, and Ti negative anomalies. Moving upsection, both parts become enriched and the Ba and P anomalies become smaller, suggesting an overall simple zonation occurring in at least two major eruptive pulses. An upward deepening of the Ti anomaly occurs in the upper Carpenter Ridge. This cannot be attributed to titanite development in the uppermost rhyolites because of a lack of a “U‐shaped” REE pattern (Figure 16; Glazner, 2004) in the vitrophyre samples. 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An exception to this pattern is TCBC‐2 within the Campbell Mountain unit, which is Ba‐ and Zr‐enriched compared to the other Campbell Mountain samples and corresponds well to less‐evolved major element composition of the sample. TCBC‐4, the lowest sample collected in the unit, has the second‐highest Ba concentration of the samples, which in addition to the behavior seen in TCBC‐2, suggests some small‐scale complexities to the Carpenter Ridge eruption that were not fully captured in the sample set. No previously published stratigraphic columns of the Carpenter Ridge tuffs contain information on both Mammoth Mountain and Campbell Mountain stratigraphic sections (Whitney, et al., 1988 gives the Bachelor Mountain stratigraphy only) or present data from the Farmer’s Creek site. Unfortunately, there is no outline of flow units in the manner Varga and Smith (1984) have presented for Bonanza. Additionally, the tuff unit stratigraphy that comprises the entire Carpenter Ridge eruption has undergone revisions in recent decades (Olson, et al., 1968; Steven, et al., 1974; Lipman and McIntosh, 2008). However, the presence of separate flow units within at least the Campbell Mountain WZ unit of the Carpenter Ridge Tuff is plausible when loosely linking otherwise poorly or unexplained bulk chemical behavior in the stratigraphy. For example, the drop in SiO2 content observed in TCBC‐2 and corresponding changes in the behavior of some trace elements (Figure 12) is not explained by a simple zonation model. If the Carpenter Ridge eruption behaved similarly to Bonanza, it is possible that TCBC‐2 could be representative of the topmost part of a flow unit within the Campbell Mountain WZ. More work is needed to establish proper suggestion of flow units in 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the Farmer’s Creek sampling area, particularly if differentiation on the order of tens of meters (or less) was taking place within the parent magma. More complex layering of the parent magma cannot be ruled out at this time either. The current data set does not cover the vertical extent in enough detail to see such small‐scale behavior if Carpenter Ridge behaves isotopically similarly to Bonanza. 
Isotopic Behavior 
87Sr/86Sr 
87Sr/86Sr ratios in Carpenter Ridge range from 0.7065 to 0.7086, on the whole higher than Bonanza. These are consistent with other ignimbrites in the area of comparable age (Lipman, et al., 1978). The slightly elevated initial ratios suggest some radiogenic Sr was present early in the magma body; nevertheless, the ratios again indicate that the crustal component contribution is probably minimal (although with no available data on Precambrian bedrock, this remains a qualitative assessment).. 
δ56Fe Arguably, some systematic behavior and possible large‐scale oscillations are present in the Carpenter Ridge stratigraphy. The notable change occurs at TCBC‐2, where a substantial drop in SiO2 content occurs with trace and major elements indicating a less‐differentiated magma. Aside from that “anomaly,” a small, progressive drop in SiO2 occurs from Willow Creek, the stratigraphic lowest sample taken, and bottom to top of the Campbell Mountain WZ (Figure 23). SiO2 content jumps up again at the vitrophyre base of the Mammoth Mountain Tuff and then 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progressively drops upsection. Because δ56Fe values and trace elements behave for the most part in tandem with major element chemistry changes, TMZR can be postulated as a viable fractionation process occurring within the original magma chamber with the tops of erupted magma bodies being cooler and more differentiated. δ56Fe lends preliminary support as it systematically decreases from the lowermost sample (Willow Creek; TCBW) stratigraphically upward to TCBC‐3 and TCBC‐2, the lowest ratios in the Farmers Creek locality. However, TCBC‐1, the top of the Campbell Mountain unit, has a greater ratio, which is not consistent with the simple model.  
Assessment of existing models for Fe isotopic fractionation While I have mostly considered the TMZR model, it is important to assess other Fe isotopic fractionation processes. For instance, the volatile exsolution model proposed by Heimann, et al. (2008) is also consistent with the observed data. For instance, these authors found that not all evolved compositions produce an elevated 
δ56Fe value, consistent with observations in SJVF rocks. Figure 30 shows a their observed relationship between Zr/Hf ratio and δ56Fe, along with data from the SJVF; the SJVF data exhibit greater variation of δ56Fe than Heimann, et al. (2008), and intermediate composition samples do not fall within the isotopic and Zr/Hf range predicted (Figure 30‐A; grey box). The rapid increases in δ56Fe at high SiO2 contents results in steeper slopes for the observed δ56Fe as a function of trace element content (Figure 31), than would be consistent with Rayleigh modeling (e.g. Heimann, et al. 2008; see Figure 31‐G and H). 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It is important to note that the trends and variability of the SJVF δ56Fe compared to Heimann, et al. (2008) data are influenced mostly by the Bonanza aplites, which yielded some of the highest Fe isotopic values currently observed. Part of this may be due to some form of alteration that concentrated low δ56Fe into red, oxidized bands present in nearly all samples, leaving a heavier signature in the remaining grey aplite rock.. However, the presence of high Rb and other fluid‐mobile element contents contradict the notion of a fluid process forming the banding. SEM mapping suggests most of the Fe is concentrated in biotite and rare Fe‐Ti oxides (see Appendix B). Because no volatile concentrations were evaluated in this study, it is not possible to further evaluate volatile exsolution as an isotopic fractionation mechanism in the SJVF at this time. It is worth noting that aplite samples show some evidence of possible sulfur‐driven volatilization processes may have occurred at one time (see Appendix A). In contrast to the aplites, maximum 
δ56Fe in Carpenter Ridge ignimbrites is +0.26, found in the Willow Creek sample (TCBW) and similar to previously published igneous rock data. Another interesting parallel between the Heimann et al. (2008) study and this one is the increase in variability of δ56Fe at intermediate to silicic SiO2 contents (~67‐72% in Heimann, et al., 2008 and ~60‐65% in this study). Part of the variability probably reflects the greater number of samples I have analyzed in that compositional range, especially ones that were part of the oscillatory behavior in Bonanza dacites. However, Heimann, et al. (2008) also observed this in samples representing many intrusive and extrusive settings and it may be that some of the 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unexplained “anomalous” behavior of δ56Fe with silica content relates to details of stratigraphic position on a small scale. 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VII. Conclusions 
This study presents new Fe isotope ratio data augmented by major, trace and Sr isotope data for igneous rocks from the San Juan volcanic field with the purpose of identifying the mechanisms creating compositional zoning in silicic ignimbrites. While the results provide new information about the systematic chemical and isotopic behavior related to the compositional zoning in silicic ignimbrites, the data add yet more complexity to our view of these magma systems and the processes by which their geochemical attributes are formed. Several conclusions can be drawn from this study, broken down by the two main focus areas of my work: 
Bonanza Caldera igneous system 1. The Bonanza eruption was more complex than previously documented. While the ignimbrite stratigraphic inversion (rhyolites overlying dacites) is acknowledged in previous works (e.g. Varga and Smith, 1984), I present trace element and 87Sr/86Sr evidence that the lower dacite unit can be further divided into Early and Late dacite subunits. Although the subunits are similar in major element composition, there is a clear break in the source composition with the early dacites being less radiogenic in 87Sr/86Sr and therefore having less crustal component, this is generally in opposition to how Sr isotope ratios typically zone in a magma chamber. 2. Significant variation of δ56Fe is present in the Bonanza sample set as a whole. Bonanza ignimbrites do not exhibit δ56Fe fractionation as a function of major and trace element content (e.g. SiO2, Rb, Fe2O3, etc.) in the manner predicted 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by TMZR (assuming a simple magma chamber zonation); the upper rhyolite sample does not have an elevated δ56Fe compared to the lower dacite samples.  3. Correlations of δ56Fe, trace, and major element data with approximate stratigraphic position suggests a relationship between stratigraphic position within flow units comprising the ignimbrite and level of isotopic and trace element differentiation. Some elements appear to oscillate on a meter scale. With the exception of samples representing Flow 1A (basal flow unit), oscillations typically correlate with position within a flow unit. Little major element zonation occurs, suggesting the magma had a short residence time before erupting. From this, a “pulse eruption” model can be devised in which magma is incrementally injected into the chamber and erupted shortly thereafter. 4. Intrusives from within the Bonanza Caldera exhibit a δ56Fe variation similar to previous studies in which δ56Fe increases dramatically with increasing SiO2. Granodiorites are only marginally enriched (<+0.15‰) relative to mean mafic earth (+0.09‰), while aplite samples are significantly enriched (+0.54‰ to +0.79‰). A red aplite separate obtained from aplite BAP‐1 has a 
δ56Fe of ‐0.31‰. This provides initial support for a volatile‐driven fractionation mechanism acting in the aplites. 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Carpenter Ridge 1. Upper and Lower Carpenter Ridge units exhibit a correlation between δ56Fe and bulk composition (e.g. SiO2) of the sample, corresponding with behavior predicted by TMZR and the volatile transport model (Heimann, et al., 2008). Trace element variation throughout the stratigraphic extent of the eruption is largely consistent with δ56Fe variation; a trend of increasing incompatible trace element compositions with increasing distance upward. 2. The Carpenter Ridge ignimbrite can be chemically divided into two large eruptive pulses: some small‐scale heterogeneities captured in sampling (such as the 69% SiO2 TCBC‐2 bounded by >72% SiO2 rhyolites) suggest smaller‐scale complexity may be present.  3. Sample δ56Fe ranges from ‐0.06 to +0.26‰, with variability on the order of data presented in Heimann, et al. (2008) and other authors. With the exception of sample TCBC‐2, the base of the Lower Carpenter Ridge is isotopically heavy and grades into lighter compositions upward. The Upper Carpenter Ridge does not exhibit this behavior; the basal vitrophyres are only marginally enriched, and the overlying rhyolites are inconsistent. Trace element variation, however, is consistent between both upper and lower units. The first‐out tuffs are depleted, and tuffs further up are enriched in incompatible trace elements. The enrichment pattern in the lower unit is not consistent with relative stratigraphic position, however, and may suggest additional complexity not otherwise seen in the sample set (aside from TCBC‐2). 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Future Work Further chemical work must be done to constrain the fractionation mechanisms driving the δ56Fe enrichment with increasing silica content as observed in these systems. Additional stratigraphic representatives from the Bonanza Upper Rhyolite unit are needed to clarify if this result characterizes the upper rhyolite as a whole or if this is just one value in a sequence that is zoned in δ56Fe. Higher resolution stratigraphic sampling of the Carpenter Ridge eruption is recommended to help understand chemical heterogeneities. δ56Fe of mineral separates and isotopic and behavior of volatiles such as S and Cl must be evaluated and compared to previous studies such as Heimann, et al. (2008).  The aplites may be of particular interest. Exploration of volatile behavior within the formations will provide insight into the role of volatiles in fractionating Fe isotopes by partitioning with magnetite.  To further test TMZR as a fractionation process in magma chambers, it will be important to evaluate levels of fractionation of other non‐traditional stable isotopes in the samples, including but not limited to Si, Mg, and Ca. Establishing a connection between flow unit thicknesses pre‐ and post‐eruption will help constrain modeling parameters. Detailed modeling of silicic intrusions in IRIDIUM may recreate the small‐scale trace element and isotopic variations observed in Bonanza flow units and possibly provide an explanation for oscillatory variations that compliments the model proposed by Perugini, et al. (2010). 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VIII. Figures and Tables 
Figures 
 
Figure 1: Adapted from Davis, et al. (1993); extent of mid‐Tertiary volcanism in North America. The light 
grey shaded regions represent mid‐Tertiary volcanism, and the darker grey regions represent 
recognized volcanic fields. The SJVF is marked in red. Other fields shown are Mogollon‐Datil in New 
Mexico (MD), White Mountains of Arizona (WM), the High Plateau of Utah (HP), and southeast Oregon 
(SE).
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Figure 2: From Lipman (2007), the areal extent of the Tertiary Southern Rocky Mountain Volcanic Field 
(SRMVF). The San Juan Volcanic Field (SJVF) is located toward the west half of the SRMVF and represents 
the largest erosional remnant of the igneous province. 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Figure 3: Modified from Lipman (2007), total ignimbrite volume of the SRMVF with time. Note the sharp 
increase in cumulative volume midway through the sequence as the massive Fish Canyon Tuff erupted. 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(Figure 4 cont. below) 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Figure 4: Sample sites in the San Juan Mountains representing eruptive units from the Bachelor and 
Bonanza caldera cycles. Bonanza tuffs are BFG (Findley Ridge) and BGP (Gribbles Park area). Related 
intrusives are aplites (BAP) and granodiorites (BGD). Carpenter Ridge (Bachelor Caldera) samples are 
represented by CRU (Upper Carpenter Ridge unit), CRV/TCM (basal vitrophyre of the upper unit), TCBC 
(Lower Carpenter Ridge unit), and TCBW (basal brecciated unit). Base map courtesy of Google and 
caldera boundaries adapted from Lipman, 2006. 
 
Figure 5: Relative stratigraphic positions of Carpenter Ridge samples by locale. 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Figure 6: An example of the agate found in float near the Campbell Mountain sampling area. 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Figure 7: Relative stratigraphic relations of samples from Findley Ridge and Gribbles Park ‐ Two Creek. 
Not to scale.  
 
Figure 8: Looking north at the nose of Findley Ridge. Approximate flow unit boundaries defined by Varga 
and Smith (1984) are marked. Dashed lines are implied contacts. Approximate sample sites are marked 
but currently not labeled. 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Figure 9: Approximate stratigraphic position of Findley Ridge samples. Stratigraphic column modified 
from Varga and Smith (1984). A horizontal radius of error in GPS coordinates obtained for each sample 
ranged from 3‐9 m, leading to some uncertainty in elevation data obtained for those coordinates using 
Google Earth. 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Figure 10: From Weyer and Schweiters (2003); application of resolution calculation on the 56Fe mass 
peak. Isotopic interferences are visible on the right side of the diagram and the 100 ppm‐wide, flat‐
topped low mass side of the peak is the ideal placement for the magnet during measurement. 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Figure 11: Example of Δ56Fe between samples, plotted by individual run, average of individual sample 
δ56Fe, and Δ values between average δ56Fe values. The x‐axis from left to right reflects the top down 
stratigraphic order in the Bonanza ignimbrite sequence. 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(Figure 12 continues below) 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Figure 12: Selected major, minor, and trace element Harker diagrams. 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(Figure 13 continues below) 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Figure 13: Extended trace element diagrams normalized to primitive mantle (Sun and McDonough, 
1989). 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Figure 14: Findley Ridge dacites; selected major and trace element variations as a function of 
stratigraphy and flow unit. 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Figure 15: Plot of average REE values for early and late dacites. While the shapes of the two patterns are 
nearly identical, the early dacites are more depleted, a product of greater differentiation of the parent 
magma or difference in the starting source composition (evidenced by Sr isotopes). 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(Figure 16 continues below) 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(Figure 16 continues below) 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Figure 16: Bonanza REE plots grouped by subtype. Last plot is average values of each group plotted 
relative to each other. BFG‐1 exhibits a similar pattern to that of the aplites (BAP), though overall more 
enriched. Gribbles Park – Two Creek samples (BGP) are similar to the lower dacite patterns of the 
Findley Ridge samples (BFG‐2 through BFG‐11), though interpreted as contemporaneous with the upper 
Bonanza rhyolite (Lipman and McIntosh 2008). Least evolved compositions (granodiorite) are most 
enriched, and degree of evolution corresponds with amount of depletion. Note the progressively 
deepening Eu anomaly through BFG‐1; while Eu depletes somewhat further in the aplites, the remainder 
of the elements deplete considerably more. Since no plagioclase is present in the aplites, its formation 
was probably exhausted before the present aplitic composition was reached. The elevated HREE 
signature in the aplites suggests some titanite is present, though none was observed during SEM 
analysis. All plots normalized to Sun and McDonough (1989). 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Figure 17: (A) Pb/Ba vs. Eu/Sm behavior of Bonanza samples. The overall trend suggests a normal 
differentiation pattern, though the early dacites exhibit a greater degree of scatter (see 6B). Part of this 
scatter can be attributed to an anomalously low Eu/Sm ratio for BFG‐9. BFG‐9 has unusually high Sm 
concentrations compared to adjacent REEs (Table 10) and is not plotted in this figure. 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Figure 18: 87Sr/86Sr ratios as a function of stratigraphy in the dacite series. 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(Figure 19 continues below) 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Figure 19: Bonanza δ56Fe behavior as a function of whole‐rock SiO2 content and trace elements that 
exhibit oscillatory concentration behavior similar to that of δ56Fe. 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Figure 20: δ56Fe of the Findley Ridge dacites plotted as a function of position within a flow unit. 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(Figure 21 continues below) 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Figure 21: Selected major, minor, and trace element Harker variation diagrams for Carpenter Ridge. 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Figure 22: Chemical and isotopic behavior of the Carpenter Ridge samples. Samples are arranged in 
stratigraphic order; spacing is not to scale. Tuff units are labeled and Upper and Lower Carpenter Ridge 
units defined.  
 
Figure 23: Carpenter Ridge samples exhibit a normal differentiation trend when comparing ratios of 
compatible and incompatible elements. 
0 0.02 
0.04 0.06 
0.08 0.1 
0.12 0.14 
0.16 0.18 
0.2 
0.1  0.15  0.2  0.25  0.3  0.35  0.4 
Pb
/B
a 
Eu/Sm 
Mammoth Mtn 
Mammoth Mtn ‐ vitrophyre Campbell Mtn 
Willow Creek 
  94 
 
(Figure 24 continues below) 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Figure 24: REE plots of the Carpenter Ridge Tuff, divided by formation and in stratigraphic order. 
Mammoth Mountain Tuff is further divided into rhyolite (A) and vitrophyre (B). Campbell Mountain 
Welding Zone is grouped into plot (C), and Willow Creek into plot (D). Averaged values for each grouping 
are plotted in (E) for comparison. 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Figure 25: Extended trace element plots of Carpenter Ridge samples, grouped by formation. 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(Figure 26 continues below) 
‐0.2 ‐0.1 
0 0.1 
0.2 0.3 
0.4 0.5 
68.00  70.00  72.00  74.00  76.00  78.00  80.00 
δ5
6 F
e 
 (p
er
m
il)
 
SiO2 wt% 
A 
Mammoth Mtn Mammoth Mtn ‐ vitrophyre Campbell Mtn Willow Creek 
‐0.2 ‐0.1 
0 0.1 
0.2 0.3 
0.4 0.5 
25  30  35  40  45  50 
δ5
6 F
e 
(p
er
m
il)
 
Whole Rock Mg# 
B 
Mammoth Mtn Mammoth Mtn ‐ vitrophyre Campbell Mtn Willow Creek 
‐0.2 ‐0.1 
0 0.1 
0.2 0.3 
0.4 0.5 
25  30  35  40  45  50 
δ5
6 F
e 
(p
er
m
il)
 
Pb (ppm) 
C 
Mammoth Mtn Mammoth Mtn ‐ vitrophyre Campbell Mtn Willow Creek 
  98 
 
Figure 26: Variation of δ56Fe isotopic signatures with SiO2 content within the Carpenter Ridge 
ignimbrite. Though less variation is present than in Bonanza, the expected upward trend of δ56Fe with 
increasing SiO2 is present. Error bars represent 2σ  uncertainties for each sample. 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Figure 27: Trace element magma sourcing (A, C) and rock typing (B) of all SJVF samples. Younger SJVF 
tuffs suggest a different source for parent magma than the older tuffs. Rock types estimated by the TAS 
plot are different than the common labels applied to samples during discussion; the terms “dacite” and 
“rhyolite,” though not always correct, are used in the manner established by Lipman and others to 
simplify discussion of rock types. 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Figure 28: Selected examples of major and trace element oscillation in two eruptions from an eruptive 
phase of the Phlegrean Fields volcanic field in Italy. Figure adapted from Perugini, et al. (2010). (A) and 
(B) give an example of oscillatory behavior of whole rock Fe2O3, and (C) and (D) compare oscillatory 
behavior of whole rock Ba in the two eruptions. 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Figure 29: Model illustrating eruption of the early and late dacites during collapse of the Bonanza 
Caldera. During initial collapse, any rhyolitic fluid present at the top of the intrusion was likely trapped 
under the hinge of the caldera roof, though it is unclear at present when the rhyolite was formed relative 
to the dacites. The early dacites erupted off of the dacite body, depleting the volatile‐saturated zone. 
Following eruption, the magma chamber refilled and volatile saturation was reached after a short 
residence time. Influx of hotter material from below the eruptible zone probably increased the thermal 
gradient near the top of the magma body, promoting meter‐scale diffusion processes. At a critical 
saturation level, the late dacites erupted. Though not illustrated in this model, a similar cycle probably 
occurred at the flow unit level, producing trace element and isotopic gradients. 
 102 
 
Figure 30: Comparison of Zr/Hf vs. δ56Fe obtained by Heimann, et al. (2008) and data obtained from this 
study. Isotopic ratios of the SJVF samples have a greater variability than the samples reported by 
Heimann, et al. (2008), so the vertical scale of the SJVF data is compressed to compare the overall 
pattern. Without vertical compensation, the slope of the SJVF data would be much steeper, though aplite 
samples control the slope of the data. The range delineated in the 2008 plot by a grey box does not 
represent conditions of typical intermediate compositions reported in this study. 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Figure 31: Further comparisons of SJVF data and data from Heimann, et al. (2008). Vertical axes are not 
scaled to each other; SJVF data consistently has a steeper slope. 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Tables 
 
Table 1: Sample locales, including samples obtained and either not used or lost. GPS locations were 
obtained for all 2010 samples where possible and approximate coordinates listed for 2009 samples. 
Coordinates have a maximum horizontal error of 10 m. Field ID of some samples will not match rock 
types reported in the results section. Sample coordinates marked with a (*) are approximations. 
San Juan Sample Set 
Bonanza  Field ID  Latitude  Longitude  Site/Formation Name  Notes BFG‐1  Rhyolite  38.13093  106.19995  Findley Ridge/Upper Bonanza Tuff  Highest layer safely reachable on Findley Ridge BFG‐2  Rhyolite  38.13075  106.19987  Findley Ridge/Lower Bonanza Tuff  Poorly welded BFG‐3  Dacite  38.13055  106.19977  Findley Ridge/Lower Bonanza Tuff  Foliated, lithics, fiamme? BFG‐4  Dacite  38.13067  106.19963  Findley Ridge/Lower Bonanza Tuff  Poorly welded, vitric fiamme, weathering throughout? BFG‐5  Andesite  38.13052  106.1993  Findley Ridge/Lower Bonanza Tuff  30‐40% crystals, near‐black groundmass BFG‐6  Andesite  38.13098  106.19927  Findley Ridge/Lower Bonanza Tuff  Columnar, red fiamme, 40‐50% crystals BFG‐7  Andesite or Dacite  38.13102  106.19898  Findley Ridge/Lower Bonanza Tuff  Lots of feldspar, few fiamme or lithics BFG‐8  Dacite or andesite  38.13103  106.19877  Findley Ridge/Lower Bonanza Tuff  Contains lithics BFG‐9  Rhyolite  38.13077  106.1983  Findley Ridge/Lower Bonanza Tuff  Poorly‐welded, ~5% crystals BFG‐10  Dacite  38.13092  106.19795  Findley Ridge/Lower Bonanza Tuff   BFG‐11  Dacite  38.13125  106.19797  Findley Ridge/Lower Bonanza Tuff  Base of thick dacite layer, some weathering BAP‐1  Aplite  38.32397  106.05615  E of Spring Creek Rd/Spring Creek Rhyolite  Red band in white‐grey, feldspar phenocrysts; subcrop only BAP‐2  Aplite  38.32397  106.05615  E of Spring Creek Rd/Spring Creek Rhyolite  20 ft from BAP‐1, mostly white‐grey BAP‐3  Aplite  38.32413  106.0559  E of Spring Creek Rd/Spring Creek Rhyolite  Grey‐white with red banding BAP‐4  Aplite  38.32413  106.0559  E of Spring Creek Rd/Spring Creek Rhyolite  10 ft NE of BAP‐3 BGD‐1  Granodiorite  38.29432  106.05585  E of Peterson Gulch Rd/Turquessa “Gabbro”  Black, possible weathering BGD‐2  Granodiorite  38.29432  106.05585  E of Peterson Gulch Rd/Turquessa “Gabbro”  Redundant sample BGP‐1  Altered rhyolite?  38.61  105.77933  W of Two Creek/Gribbles Park Tuff  Upper Bonanza equiv BGP‐2  Rhyo?.  38.61  105.77933  W of Two Creek/Gribbles Park Tuff  Upper Bonanza equiv 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BGP‐3  Dacite?.  38.61  105.77933  W of Two Creek/Gribbles Park Tuff  Upper Bonanza equiv 
Table 1 (cont.) BGP‐4  Rhyo‐Dac?.  38.61  105.77933  W of Two Creek/Gribbles Park Tuff  Upper Bonanza equiv BJC‐1  Dacite  38.20152  106.35162  Jack's Creek Canyon  Giant vitric fiamme; unused BJC‐2  Dacite  38.20152  106.35162  Jack's Creek Canyon  Redundant sample, unused 
Carpenter Ridge         
CRU‐2  Rhyolite  37.560*  106.704*  Mammoth Mtn. Tuff/Ribbon Mesa; Demijohn Rd. E of US‐160  White vitrified pumice fiamme CRU‐1  Rhyolite  37.561*  106.706*  Mammoth Mtn. Tuff/Ribbon Mesa; Demijohn Rd. E of US‐160  Dark inclusions; only host tuff analyzed CRV  Vitrophyre  37.562*  106.707*  Mammoth Mtn. Tuff/Ribbon Mesa; Demijohn Rd. E of US‐160  Basal vitrophyre TCM‐2  Vitrophyre  37.84673  106.86747  above Farmer’s Creek Trail/Mammoth Mtn Unit  CRV equivalent, near TCM‐TCBC contact TCBC‐1  Rhyolite  37.8443  106.83343  above Farmer’s Creek Trail/Campbell Mtn Unit  near mapped contact TCM/TCBC TCBC‐2  Rhyolite?  37.84358  106.86715  above Farmer’s Creek Trail/Campbell Mtn Unit  Downsection ‐ dark TCBC‐3  Rhyolite  37.84352  106.86712  above Farmer’s Creek Trail/Campbell Mtn Unit  Close to TCBC‐2, downsection TCBC‐4  Rhyolite  37.84236  106.84237  above Farmer’s Creek Trail/Campbell Mtn Unit  From lowest exposure in section TCBW  Rhyolite?  37.83762  106.86557  Farmer's Creek Trail/Willow Creek Unit  Willow Creek Tuff 
Others           
NM‐1  Dacite  37.916*  107.135*  Snow Mesa caprock/Nelson Mountain Tuff Upper Unit  Dark grey NM‐2  Rhyolite?  37.916*  107.135*  Snow Mesa lower/Nelson Mountain Tuff Lower Unit  Light grey NM‐3  Rhyolite?  37.848*  107.149*  Nelson Mountain Tuff  Lower Unit  Near upper/lower contact NM‐4  Dacite  37.848*  107.149*  Nelson Mountain Tuff Upper Unit  Near upper/lower contact RC1  Rhyolite  37.918*  107.132*  Rat Creek Tuff  Poorly welded RC2  Rhyolite  37.918*  107.132*  Rat Creek Tuff  Poorly welded FCT  Dacite  37.614*  106.700*  Fish Canyon Tuff/across from Fun Valley, US‐160  Type locality 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Table 2: List of USGS standards used for XRF measurements. Oxides are given in weight % and elemental 
compositions in ppm. 
Standard  RGM‐1 (USGS)  BIR‐1 (USGS)  STM‐1 (USGS)  BHVO‐1 (USGS) Description  Rhyolite (California)  Basalt (Iceland)  Syenite (Oregon)  Basalt (Hawaii) SiO2  73.4 ± 0.53  47.96 ± 0.19  59.6 ± 0.49  49.94 ± 0.54 TiO2  0.27 ± 0.02  0.96 ± 0.01  0.14 ± 0.01  2.71 ± 0.06 Al2O3  13.7 ± 0.19  15.5 ± 0.15  18.4 ± 0.23  13.80 ± 0.21 Fe2O3TOT  1.86 ± 0.03  11.3 ± 0.12  5.22 ± 0.1  2.82 ± 0.24 MnO  0.036 ± 0.004  0.175 ± 0.003    0.17 ± 0.01 MgO  0.28 ± 0.03  9.70 ± 0.079  0.10 ± 0.02  7.23 ± 0.22 CaO  1.15 ± 0.07  13.3 ± 0.12  1.09 ± 0.06  11.40 ± 0.17 Na2O  4.07 ± 0.15  1.82 ± 0.045  8.94 ± 0.20  2.26 ± 0.07 K2O  4.30 ± 0.10  0.030 ± 0.003  4.28 ± 0.07  0.52 ± 0.04 P2O5  0.048 (MSU)  0.021 ± 0.001  0.16 ± 0.01  0.273 ± 0.025 Rb  150 ± 8    118 ± 6  11 ± 2 Sr  110 ± 10  110 ± 2  700 ± 30  403 ± 25 Zr  220 ± 20  18 ± 1  1210 ± 120  179 ± 21 Cu  12 ± 1.4  125 ± 4  4.6  136 Cr  3.7  370 ± 8  4.3  ‐‐ Ni    170 ± 6  3  ‐‐ Zn  32  70 ± 9  235 ± 22  105 ± 5    
Table 3: Comparison of UIUC and Rudge, et al. (2009) sample‐to‐spike ratios. The Rudge, et al. (2009) 
recommended values are based on a pure 57Fe‐58Fe double spike. 
Source  Sample: Spike Ratio UIUC  2:1  Rudge, et al. (2009)  0.5514:0.4486     
Table 4: Isotopic composition of UIUC iron double spike. 
UIUC Iron Double 
Spike Composition  Percent 
Percent Recommended 
by Rudge, et al. (2009) 54Fe  0.0159%  0% 56Fe  0.5101%  0% 57Fe  49.1754%  47.65% 58Fe  50.2985%  52.35% 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Table 5: List of standards used and offsets from IRMM‐014. 
Standard  Description  δ56FeIRMM‐014  Average Measured 
Value 
2σ   No. Analyses NOD‐P‐1 (USGS)  Mn‐nodule (Pacific Ocean)  ‐0.55‰  ‐0.610  0.073  12 AGV‐1 (USGS)  Andesite (Oregon)  +0.1‰  0.063  0.143  7 BCR‐1 (USGS)  Basalt (Oregon)  +0.1‰  0.130  0.206  5 UIFe (in‐house standard)    +0.75‰  0.729  0.116  13 RGM‐1 (USGS)  Rhyolite (California)  +0.2  0.201  0.037  2   
Table 6: Measured compositions of USGS standards versus known values. Errors are reported as percent 
difference with average error calculated from the three. 
Zr
  252  241  4.56%  11  14  21.43%
 
180  180  0%  8.66%
 
Sr
  107  102  4.90%  109  106  2.83%  390  390  0%  2.58%
 
Rb
  146  155  5.81%  0  0.2  100%  9  9.5  5.26%  37.02%
 
Zn
  36  30  20%  66  65  1.54%  97  105  7.62%  9.72%
 
Cu
  13  11  18.18%
 
121  113  7.08%  124  136  8.82%  11.36%
 
N
i  1  4  75%  190  175  8.57%  126  121  4.13%  29.24%
 
Su
m
  99.66  99.17  0.49%  99.8  100.25
 
0.45%  99.84  100.53
 
0.69%  0.54%
 
LO
I  0.2      0.09      0.03       
P 2
O
5  0.05  0.048  4.17%  0.02  0.046  56.52%
 
0.28  0.27  2.56%  21.08%
 
K
2O
  4.31  4.3  0.23%  0.02  0.027  25.93%
 
0.53  0.52  1.92%  9.36%
 
N
a 2
O
  4.28  4.07  5.16%  1.8  1.75  2.86%  2.23  2.26  1.33%  3.12%
 
Ca
O
  1.24  1.15  7.83%  13.18  13.24  0.45%  11.34  11.40  0.53%  2.94%
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Table 6 (cont.) 
M
gO
  0.27  0.27  0%  9.69  9.68  0.10%  7.2  7.23  0.42%  0.17%
 
M
nO
  0.04  0.036  11.11%
 
0.17  0.171  0.59%  0.17  0.17  1.19%  4.30%
 
Fe
2O
3  1.81  1.86  2.69%  11.31  11.26  0.44%  12.25  12.23  0.16%  1.1% 
Al
2O
3  13.73  13.72  0.073%
 
15.41  15.35  0.39%  13.45  13.80  2.54%  1.00%
 
Ti
O
2  0.27  0.27  0%  0.95  0.96  1.0%  2.72  2.71  0.37%  0.47%
 
Si
O
2  73.66  73.45  0.29%  47.25  47.77  1.09%  49.67  49.94  0.541%
 
0.
64
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Table 7: Accuracy and precision (absolute) of LA‐ICP‐MS analyses for each element based on 5 
measurements of Michigan State University standard JB‐1a. All measurements are in ppm. 
Element  Ba  La  Ce  Pr  Nd  Sm  Eu  Gd JB‐1a ‐ True  489  38  66  7.2  26.3  5.1  1.46  4.7 Average measured  488  38.5  65.6  7.02  26.4  5.14  1.49  4.77 1σ  5.24  0.417  0.694  0.095  0.446  0.065  0.024  0.061                  
Element  Y  Dy  Ho  Er  Lu  Yb  Tb  V JB‐1a ‐ True  24  4.1  0.83  2.2  0.31  2.16  0.72  203 Average measured  23.7  4.07  0.822  2.19  0.316  2.14  0.722  204 1σ  0.219  0.033  0.013  0.024  0.005  0.033  0.008  3.47                  
Element  Cr  Nb  Hf  Ta  Pb  Th  U   JB‐1a ‐ True  392  28  3.5  1.8  6.3  9.2  1.6   Average measured  399  28.1  3.56  1.75  6.17  9.24  1.64   1σ  4.32  0.486  0.026  0.018  0.100  0.168  0.035 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Table 8: Major element oxides (wt%) and selected trace element concentrations (ppm) determined by 
XRF. 
Zr
  446  517  382  304  218  619  568  615  616  635  453  414  408  392  411  148  188  151  189  641  627 
Sr
  438  492  969  91  38  666  673  780  618  679  730  788  805  865  890  12  16  16  15  683  682 
Rb
  110  119  83  113  203  122  101  70  124  112  175  153  142  142  109  241  261  236  261  163  172 
Zn
  46  63  75  65  23  84  65  77  81  68  47  67  62  53  54  52  40  55  40  102  114 
Cu
  12  11  15  4  7  29  17  14  15  12  15  31  35  25  25  13  15  7  7  110  90 
N
i  2  4  5  0  0  5  2  3  3  3  10  13  12  13  10  1  2  0  1  27  27 
Su
m
  98.24  97.26  97.92  97.93  98.29  97.01  97.31  97.3  97.82  97.52  97.48  96.4  96  97.62  97.18  98.16  99.02  98.22  98.54  95.97  97.06 
LO
I  1.52  2.46  1.67  1.96  1.63  2.66  2.38  2.39  1.88  2.14  2.25  3.28  3.73  2.1  2.54  1.78  0.92  1.72  1.4  3.75  2.64 
P 2
O
5  0.17  0.24  0.35  0.09  0.04  0.37  0.29  0.36  0.25  0.32  0.34  0.32  0.29  0.26  0.26  0.02  0.02  0.02  0.02  0.69  0.66 
K
2O
  4.57  4.8  4.43  4.3  4.53  5.72  5.08  4.75  5.31  5.25  4.54  4.42  4.7  4.15  4.3  4.85  5.35  5.2  5.34  3.88  3.92 
N
a 2
O
  3.04  3.28  4.59  4.15  3.43  3.41  3.57  3.63  3.87  3.84  3.8  3.7  3.57  3.87  3.85  3.64  3.48  3.22  3.48  3.43  3.72 
Ca
O
  2.13  2.59  2.63  0.64  0.68  2.96  3.04  4.05  2.9  3.31  3.6  3.98  4.1  4.04  4.12  0.28  0.26  0.21  0.26  5.29  5.53 
M
gO
  0.7  0.9  0.79  0.15  0.14  1.18  0.94  1.61  1.14  1.26  1.18  1.22  1.02  0.97  1.1  0.03  0.06  0.02  0.06  3.74  3.77 
M
nO
  0.04  0.07  0.06  0.08  0.07  0.08  0.05  0.07  0.07  0.07  0.09  0.09  0.05  0.06  0.05  0.04  0.05  0.02  0.05  0.15  0.18 
Fe
2O
3  3.03  3.53  4.14  1.58  1.09  5.18  4.64  5.35  4.34  4.51  4.15  4.87  4.91  4.66  3.96  1.28  0.74  0.87  0.73  8.81  9.2 
Al
2O
3  13.61  14.47  16.02  12.6  11.52  17.9  16.81  17.69  17.11  17.1  16.76  17.23  16.98  17.67  18.07  12.08  12.66  12.01  12.6  15.41  15.52 
Ti
O
2  0.53  0.6  0.62  0.18  0.19  0.84  0.75  0.86  0.75  0.74  0.75  0.89  0.82  0.78  0.76  0.14  0.15  0.13  0.15  1.52  1.64 
Si
O
2  70.42  66.78  64.29  74.16  76.6  59.37  62.14  58.93  62.08  61.12  62.27  59.68  59.56  61.16  60.71  75.8  76.25  76.52  75.85  53.05  52.92 
Sa
m
pl
e 
BGP‐4  BGP‐3  BGP‐2  BGP‐1  BFG‐1  BFG‐2  BFG‐3  BFG‐4  BFG‐5  BFG‐6  BFG‐7  BFG‐8  BFG‐9  BFG‐10
 
BFG‐11
 
BAP‐1  BAP‐2  BAP‐3  BAP‐4  BGD‐1
 
BGD‐2
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Table 9: Major element oxide normalized to a sum of 100%. 
Sample  SiO2  TiO2  Al2O3  Fe2O3  MnO  MgO  CaO  Na2O  K2O  P2O5 BGP‐4  71.68  0.5395  13.85  3.08  0.04  0.71  2.17  3.09  4.65  0.17 BGP‐3  68.66  0.6169  14.88  3.63  0.07  0.93  2.66  3.37  4.94  0.25 BGP‐2  65.66  0.6332  16.36  4.23  0.06  0.81  2.69  4.69  4.52  0.36 BGP‐1  75.73  0.1838  12.87  1.61  0.08  0.15  0.65  4.24  4.39  0.09 BFG‐1  77.93  0.1933  11.72  1.11  0.07  0.14  0.69  3.49  4.61  0.04 BFG‐2  61.20  0.8659  18.45  5.34  0.08  1.22  3.05  3.52  5.90  0.38 BFG‐3  63.86  0.7707  17.27  4.77  0.05  0.97  3.12  3.67  5.22  0.30 BFG‐4  60.57  0.8839  18.18  5.50  0.07  1.65  4.16  3.73  4.88  0.37 BFG‐5  63.46  0.7667  17.49  4.44  0.07  1.17  2.96  3.96  5.43  0.26 BFG‐6  62.67  0.7588  17.53  4.62  0.07  1.29  3.39  3.94  5.38  0.33 BFG‐7  63.88  0.7694  17.19  4.26  0.09  1.21  3.69  3.90  4.66  0.35 BFG‐8  61.91  0.9232  17.87  5.05  0.09  1.27  4.13  3.84  4.59  0.33 BFG‐9  62.04  0.8542  17.69  5.11  0.05  1.06  4.27  3.72  4.90  0.30 BFG‐10  62.65  0.7990  18.10  4.77  0.06  0.99  4.14  3.96  4.25  0.27 BFG‐11  62.47  0.7821  18.59  4.07  0.05  1.13  4.24  3.96  4.42  0.27 BAP‐1  77.22  0.1426  12.31  1.30  0.04  0.03  0.29  3.71  4.94  0.02 BAP‐2  77.00  0.1515  12.79  0.75  0.05  0.06  0.26  3.51  5.40  0.02 BAP‐3  77.91  0.1324  12.23  0.89  0.02  0.02  0.21  3.28  5.29  0.02 BAP‐4  76.97  0.1522  12.79  0.74  0.05  0.06  0.26  3.53  5.42  0.02 BGD‐1  55.28  1.584  16.06  9.18  0.16  3.90  5.51  3.57  4.04  0.72 BGD‐2  54.52  1.690  15.99  9.48  0.19  3.88  5.70  3.83  4.04  0.68 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Table 10: Trace element concentrations (ppm) determined by LA‐ICP‐MS. 
U
  6.07  5.78  3.62  4.31  7.41  5.44  5.65  4.49  5.93  5.18  11.86  7.82  8.35  8.57  9.86  10.06  7.13  9.17  7.16  6.83  7.59 
Th
  20.97  21.6  12.18  19.29  48.79  21.49  19.88  18.01  20.44  18.67  34.81  32.19  31.77  31.33  29.86  38.72  37.8  43.81  37.05  28.78  28.08 
Pb
  28.68  33.24  20.22  36.15  40.81  27.85  25.72  23.98  28.55  25.58  29.02  25.77  28.49  23.6  27.95  63.72  58.09  58.36  59.44  20.8  21.42 
Ta
  1.76  1.81  2.66  5.13  3.51  1.74  1.64  1.51  1.79  1.53  2.31  2.1  2.06  2.04  2.06  2.76  2.89  3.16  2.9  3.37  3.56 
H
f  8.18  9.23  7.15  7.3  6.75  11.89  10.35  10.94  10.82  11.16  8.94  8.85  8.84  8.28  7.63  5.1  6.07  5.96  6.09  14.08  13.51 
N
b  29.94  29.6  50.91  87.6  54.71  28.34  27.14  25.43  28.88  25.33  38.92  34.84  34.01  34.07  36.71  50.62  52.75  52.89  50.84  58.88  65.38 
Cr
  2.28  4.55  6.65  0  0.67  3.53  4.5  5.79  6.8  2.01  6.89  9.64  10.53  11.23  9.14  0.06  0.76  0.06  0.36  26.42  29.39 
V  51.52  60.63  66.05  12.61  25.5  93.71  91.87  102.7  84.15  82.84  82.85  103.97
 
101.59
 
91.34  91.09  5.27  7.15  5.01  5.75  167.19
 
180.98
 
Tb
  0.83  0.99  0.82  0.93  0.69  1.23  1.17  1.23  1.15  1.16  0.9  0.8  0.92  0.85  0.76  0.2  0.27  0.3  0.26  1.56  1.52 
Yb
  2.2  2.58  2.08  3.24  3.28  3  2.68  2.68  2.75  2.55  2.57  2.28  2.72  2.32  2.21  1.6  1.06  1.85  1.02  3.85  3.59 
Lu
  0.33  0.37  0.31  0.49  0.49  0.46  0.4  0.4  0.39  0.38  0.37  0.34  0.41  0.35  0.32  0.3  0.2  0.31  0.18  0.57  0.53 
Er
  2.17  2.61  2.01  2.81  2.76  3.08  2.79  2.78  2.78  2.66  2.49  2.17  2.56  2.26  2.11  1.01  0.79  1.2  0.74  3.91  3.72 
H
o  0.81  0.98  0.75  1.03  0.89  1.18  1.09  1.13  1.07  1.05  0.93  0.81  0.94  0.85  0.77  0.28  0.26  0.35  0.23  1.51  1.45 
D
y  4.2  5.11  3.98  5.03  4.04  6.15  5.76  6  5.76  5.58  4.67  4.08  4.81  4.36  3.78  1.28  1.41  1.81  1.3  7.67  7.49 
Y  23.48  28.13  22.27  32.2  30.97  32.93  30.47  30.45  29.84  28.86  27.91  24.02  29.21  24.91  22.44  9  6.71  11.47  6.04  44  41.61 
Gd
  6.53  7.7  6.53  6.85  4.4  9.85  9.11  9.67  9.22  9.14  7.03  6.24  6.93  6.55  5.8  1.25  1.84  1.85  1.67  11.94  11.38 
Eu
  1.71  1.97  2.25  1.37  0.36  2.73  2.58  2.78  2.55  2.67  1.88  1.86  1.94  1.97  1.84  0.21  0.19  0.3  0.18  2.79  2.77 
Sm
  9.18  10.57  9.79  9.17  5.03  13.46  12.76  13.76  13.12  12.92  9.43  8.76  17.79  9.12  7.73  1.56  2.45  2.5  2.2  16.35  15.58 
N
d  59.25  64.46  66.75  60.2  32.64  81.98  79.61  84.91  81.63  81.11  60.57  55.03  58.17  57.74  52.11  11.2  16.76  18.23  15.28  94.7  92.21 
Pr
  17.17  18.19  19.4  17.57  11.41  22.41  22.09  23.28  22.83  22.62  17.81  16.02  16.41  16.92  15.72  4.38  6.22  6.78  5.66  25.46  24.95 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Table 10 (cont.) 
Ce
  157.52
 
167.59
 
185.79
 
167.88
 
121.57
 
199.82
 
198.09
 
192.84
 
207.62
 
200.93
 
164.64
 
144.96
 
147.26
 
149.66
 
152.75
 
52.52  62.59  39.87  56.82  219.94
 
215.6 
La
  73.69  76.93  89.83  81.94  57.19  93.3  91.05  94.76  94  91.77  78.9  71.33  74.71  76.17  69.98  28.48  32.56  41.07  29.4  110.23
 
106.23
 
Ba
  1151.2
2 
1371.8
3 
2497.5
2 
531.95
 
124.78
 
1622.2
9 
1514.4
 
1678.9
2 
1563.1
 
1774.9
 
1381.2
4 
1649.9
1 
1173.1
2 
1221.8
9 
1238.2
1 
43.71  61.35  31.54  58.24  1014.9
8 
1022.6
1 
Sa
m
pl
e 
BGP‐4  BGP‐3  BGP‐2  BGP‐1  BFG‐1  BFG‐2  BFG‐3  BFG‐4  BFG‐5  BFG‐6  BFG‐7  BFG‐8  BFG‐9  BFG‐10
 
BFG‐11
 
BAP‐1  BAP‐2  BAP‐3  BAP‐4  BGD‐1
 
BGD‐2
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Table 11: Fe and Sr isotopic data for all Bonanza samples. Extrusive samples are in relative stratigraphic 
order and subdivided into relevant groups. NA = not analyzed. BAP‐1red and BAP‐1grey are not time‐
corrected because Rb and Sr concentration data are only available for bulk BAP‐1. 
Sample  δ56Fe (permil)  2σ  (‰)  Rb (ppm)  Sr (ppm) 
87Sr/86Sr 
Measured 
87Sr/86Sr 
Initial BGP‐4  0.114    110  438  0.70722  0.70687 BGP‐3  ‐0.1885  0.154  119  492  0.70712  0.70679 BGP‐2  0.154    83  969  0.70526  0.70514 BGP‐1  0.234    113  91  0.70720  0.70549 BFG‐1  0.10  0.085  203  38  0.70682  0.69947 BFG‐2  0.192    122  666  0.71512  0.71487 BFG‐3  0.223    101  673  NA  ‐‐ BFG‐4  0.011  0.054  70  780  0.70663  0.70651 BFG‐5  0.179    124  618  0.70677  0.70649 BFG‐6  0.0467  0.116  112  679  0.70689  0.70666 
Average (Late Dacites)          0.70655 BFG‐7  0.207  0.158  175  730  0.70598  0.70565 BFG‐8  ‐0.0235  0.228  153  788  0.70579  0.70552 BFG‐9  0.32  0.348  142  805  0.70585  0.70561 BFG‐10  0.036    142  865  0.70592  0.70569 BFG‐11  0.3515  0.190  109  890  0.70571  0.70554 
Average (Early Dacites)          0.70563 BAP‐1 grey  0.543    241  12  0.74138  ‐‐ BAP‐1 red  ‐0.3105  0.270  241  12  0.73535  ‐‐ BAP‐2  0.788  0.387  261  16  0.73436  0.71188 BAP‐3  0.6085  0.468  236  16  0.74247  0.72216 BAP‐4  0.341    261  15  0.72753  0.70357 BGD‐1  0.0777  0.157  163  683  0.70621  0.70577 BGD‐2  0.1467  0.244  172  682  0.70601  0.70566 
Average (all samples)  0.220 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Table 12: XRF data for the Carpenter Ridge samples. Major element oxides are reported as wt% and 
trace elements are reported in ppm 
Zr
  291  256  208  226  240  620  257  269  202 
Sr
  177  130  63  85  125  347  208  207  74 
Rb
  140  147  165  160  153  122  153  155  177 
Zn
  27  35  31  32  35  45  39  43  9 
Cu
  7  6  11  12  9  4  16  13  7 
N
i  0  0  0  0  0  0  2  0  0 
Su
m
  98.02  97.74  96.28  94.3  97.35  96.8  98.17  97.67  97.26 
LO
I  1.79  2.11  3.64  5.6  2.52  2.66  1.67  2.16  2.64 
P 2
O
5  0.07  0.05  0.02  0.03  0.06  0.08  0.09  0.09  0.03 
K
2O
  5.21  5.34  6.07  4.9  5.28  5.75  5.47  5.6  5.83 
N
a 2
O
  3.59  3.29  2.79  3.62  3.27  3.88  3.12  3.29  2.35 
Ca
O
  1.13  0.94  0.75  0.84  0.89  1.34  1.4  1.39  0.47 
M
gO
  0.28  0.32  0.13  0.14  0.17  0.42  0.37  0.31  0.12 
M
nO
  0.03  0.02  0.06  0.07  0.02  0.05  0.03  0.04  0.01 
Fe
2O
3  1.51  1.49  1.2  1.17  1.49  2.23  2.1  1.92  0.63 
Al
2O
3  14.17  13.81  12.87  12.96  13.12  16.09  14.39  14.4  12.03 
Ti
O
2  0.28  0.25  0.19  0.2  0.24  0.3  0.32  0.32  0.19 
Si
O
2  71.75  72.23  72.2  70.37  72.81  66.66  70.88  70.31  75.6 
Sa
m
pl
e 
CRU‐2  CRU‐1  CRV  TCM‐2
 
TCBC‐1
 
TCBC‐2
 
TCBC‐3
 
TCBC‐4
 
TCBW 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Table 13: Major element oxides renormalized to 100%. 
Sample  SiO2  TiO2  Al2O3  Fe2O3  MnO  MgO  CaO  Na2O  K2O  P2O5 CRU‐2  73.20  0.29  14.46  1.54  0.03  0.29  1.15  3.66  5.32  0.07 CRU‐1  73.90  0.26  14.13  1.52  0.02  0.33  0.96  3.37  5.46  0.05 CRV  74.99  0.20  13.37  1.25  0.06  0.14  0.78  2.90  6.30  0.02 TCM‐2  74.62  0.21  13.74  1.24  0.07  0.15  0.89  3.84  5.20  0.03 TCBC‐1  74.79  0.25  13.48  1.53  0.02  0.17  0.91  3.36  5.42  0.06 TCBC‐2  68.86  0.31  16.62  2.30  0.05  0.43  1.38  4.01  5.94  0.08 TCBC‐3  72.20  0.33  14.66  2.14  0.03  0.38  1.43  3.18  5.57  0.09 TCBC‐4  71.99  0.33  14.74  1.97  0.04  0.32  1.42  3.37  5.73  0.09 TCBW  77.73  0.20  12.37  0.65  0.01  0.12  0.48  2.42  5.99  0.03 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Table 14: LA‐ICP‐MS trace element data in ppm for the Carpenter Ridge samples.  
U
  7.59  7.72  9.61  9.05  6.95  5.37  7.23  6.91  9.25 
Th
  18.63  19.57  21.41  21.22  19.1  12.42  18.3  17.29  19.16 
Pb
  35.2  39.2  47.89  43.66  37.87  29.38  32.13  32.47  39.64 
Ta
  1.66  1.68  1.73  1.71  1.61  1.32  1.5  1.46  1.71 
H
f  6.36  6.16  5.23  5.79  5.69  11.01  6.06  5.86  5.12 
N
b  21.98  22.23  24.76  23.79  21.89  15.95  21.25  21.27  21.89 
Cr
  0.99  0.48  0.71  0  0.68  0.02  1.82  2.04  0.04 
V  19.75  17.22  6.51  6.52  16.12  14.73  28.32  28.13  9.88 
Tb
  0.75  0.67  0.73  0.72  0.62  0.62  0.69  0.64  0.65 
Yb
  2.68  2.58  2.88  2.88  2.36  2.81  2.65  2.55  2.19 
Lu
  0.39  0.4  0.43  0.44  0.37  0.45  0.4  0.38  0.33 
Er
  2.42  2.28  2.41  2.44  2.1  2.38  2.29  2.17  1.81 
H
o  0.85  0.77  0.84  0.84  0.71  0.78  0.79  0.74  0.65 
D
y  4.11  3.71  4.02  4.03  3.39  3.65  3.82  3.57  3.48 
Y  25.77  23.33  26.63  25.83  20.62  23.68  24.89  22.7  19.13 
Gd
  5.2  4.65  5.02  4.98  4.38  4.26  4.81  4.44  4.54 
Eu
  1.33  1.09  0.75  0.91  1.02  2.2  1.18  1.21  0.93 
Sm
  6.71  6.01  6.3  6.13  5.7  5.75  5.81  5.75  6.32 
N
d  40.3  36.37  38.72  37.91  34.11  31.41  35.37  34.99  39.48 
Pr
  11.67  10.7  11.47  11.36  10.11  8.82  10.41  10.24  11.95 
Ce
  100.74
 
104.16
 
114.86
 
112.89
 
95.05  81.77  95.67  99.61  104.82
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Table 15: Isotopic data for the Carpenter Ridge samples. 
Sample  δ56Fe  2σ  (‰)  Rb (ppm)  Sr (ppm) 
87Sr/86Sr 
Measured 
87Sr/86Sr 
Initial CRU‐2  0.2155  0.100  140  177  0.708055  0.70716 CRU‐1  ‐0.063  0.025  147  130  NA  ‐‐ CRV  0.1265  0.106  165  63  0.710453  0.70748 TCM‐2  0.154  0.119  160  85  0.709436  0.70815 TCBC‐1  0.157  0.017  153  125  0.708497  0.70711 TCBC‐2  0.092  0.119  122  347  0.707474  0.70707 TCBC‐3  0.02  0.105  153  208  0.708351  0.70752 TCBC‐4  0.0805  0.191  155  207  0.707397  0.70655 TCBW  0.2555  0.160  177  74  0.709470  0.70751 
Average Fe error  0.105 
      
Table 14 (cont.) 
La
  52.29  50.52  54.47  53.97  47.78  41.32  48.69  47.58  51.88 
Ba
  1231.0
4 
938.48
 
271.25
 
414.73
 
672.38
 
4190.8
8 
893.99
 
968.44
 
460.1 
Sa
m
pl
e 
CRU‐2  CRU‐1  CRV  TCM‐2
 
TCBC‐1
 
TCBC‐2
 
TCBC‐3
 
TCBC‐4
 
TCBW 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Table 16: XRF major and trace element behavior for the other SJVF samples. Major element oxides are 
reported as wt% and trace elements are reported in ppm. 
Zr
  218  290  324  303  233  241  309 
Sr
  500  345  340  268  555  608  292 
Rb
  118  129  125  141  114  92  135 
Zn
  55  49  50  55  65  69  54 
Cu
  24  9  9  10  16  22  7 
N
i  4  0  0  0  3  6  0 
Su
m
  97.81  95.59  95.89  98.47  97.93  97.76  98.46 
LO
I  1.99  4.11  3.82  1.32  1.86  2.01  1.32 
P 2
O
5  0.2  0.1  0.14  0.07  0.23  0.25  0.09 
K
2O
  4.33  4.85  5.06  4.83  3.89  3.91  5 
N
a 2
O
  3.48  2.64  2.79  4.03  3.74  3.7  3.92 
Ca
O
  3.03  1.89  1.74  1.48  3.45  3.61  1.55 
M
gO
  0.86  1.16  1.09  0.42  1.27  1.18  0.47 
M
nO
  0.1  0.1  0.08  0.09  0.09  0.08  0.07 
Fe
2O
3  4.19  2.05  2.17  2.15  4.74  5.01  2.44 
Al
2O
3  15.47  14.81  15.06  14.78  15.67  16.38  15.01 
Ti
O
2  0.5  0.34  0.36  0.34  0.58  0.64  0.37 
Si
O
2  65.65  67.65  67.4  70.28  64.27  63  69.54 
Sa
m
pl
e 
FCT  RC1  RC2  NM‐1  NM‐4  NM‐3  NM‐2 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Table 17: Trace element data for other SJVF samples. 
U
  3.34  4.04  3.96  4.14  5.3  2.66  4.49 
Th
  10.83  11.7  11.94  11.03  12.56  9.13  12.51 
Pb
  18.52  30.28  35.76  18.19  30.59  15.45  28.55 
Ta
  1.15  1.4  1.41  1.05  1.59  1.06  1.53 
H
f  4.55  6.49  6.99  5.11  6.71  5.29  6.72 
N
b  17.2  20.93  20.66  15.83  23.22  16.84  22.06 
Cr
  4.24  2.65  2.14  6.42  1.07  7.82  1 
V  77.21  21.67  23.66  80.21  22.98  85.35  27.4 
Tb
  0.56  0.84  0.83  0.67  0.86  0.75  0.83 
Yb
  1.94  2.78  2.79  2.17  2.85  2.31  2.67 
Lu
  0.3  0.42  0.42  0.33  0.43  0.34  0.4 
Er
  1.69  2.54  2.49  2.02  2.63  2.23  2.44 
H
o  0.62  0.93  0.9  0.73  0.97  0.8  0.9 
D
y  3.08  4.53  4.42  3.72  4.77  4.04  4.45 
Y  18.42  27.23  26.84  22.05  28.58  24.16  27.36 
Gd
  3.95  6.1  6.3  4.82  6.16  5.45  5.88 
Eu
  1.28  1.83  2  1.49  1.4  1.62  1.48 
Sm
  5.07  10.21  8.23  6.17  7.55  6.83  7.34 
N
d  29.72  46.76  50.94  34.79  42.26  38.11  41.51 
Pr
  8.6  13.15  14.21  9.63  11.66  10.19  11.62 
Ce
  84.2  120.8  129.13
 
85.97  104.98
 
86.72  100.42
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Table 17 (cont.) 
La
  39.48  56.08  62.11  41.5  47.95  41.01  48.23 
Ba
  1052.1
6 
2124.5
 
1966.1
6 
965.26
 
1309.5
9 
1064.4
3 
1373.3
2 
Sa
m
pl
e 
FCT  RC‐1  RC‐2  NM‐4  NM‐1  NM‐3  NM‐2    
Table 18: Isotopic values for the other SJVF samples. 
Sample  δ56Fe  2σ   Rb (ppm)  Sr (ppm) 
87Sr/86Sr 
Measured 
87Sr/86Sr 
Initial FCT  ‐0.06  #DIV/0!  118  500    Not analyzed NM‐1  0.39  #DIV/0!  141  268    0.70744 NM‐2  0.46  #DIV/0!  135  292    0.70811 NM‐3  0.32  #DIV/0!  92  608    0.70630 NM‐4  ‐0.06  #DIV/0!  114  555    0.70620 RC‐1  0.18  #DIV/0!  129  345    Not analyzed RC‐2  0.23  #DIV/0!  125  340    Not analyzed 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Appendix A: Sample Photos 
Each sample was photographed against a white background with a Canon SD750 digital camera set to macro mode and “superfine” resolution. Most surfaces photographed are saw‐cut; samples that are not either did not possess a flat surface after cutting due to poor welding or exhibited more representative features on fractured surfaces. After downloading, photos were color‐corrected using Adobe Photoshop Elements 6, cropped as needed, and labeled. Scale is in centimeters for all samples. Samples are arranged by relative stratigraphic position, where applicable, and separated into the following units:  Bonanza Ignimbrites Gribbles Park/BGP Findley Ridge/BFG Bonanza Intrusives Aplite/BAP Granodiorite/BGD Carpenter Ridge Ignimbrites Upper Carpenter Ridge/Mammoth Mountain/CRU Mammoth Mountain basal vitrophyre/CRV and TCM‐2 Campbell Mountain Welding Zone/TCBC Willow Creek/TCBW Nelson Mountain Ignimbrites   Nelson Mountain Upper (NM‐4, NM‐1)   Nelson Mountain Lower (NM‐2, NM‐3) Fish Canyon Tuff (FCT) Rat Creek Tuff (RC1, RC2) 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Bonanza Ignimbrites  
 
Figure 32: Bonanza Tuff sampling locales. In the SW corner is the Findley Ridge site; the center of the 
map area is the Bonanza Caldera locality where intrusives are exposed; the NE corner is the Gribbles 
Park locality. 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Appendix B: Scanning Electron Microscope Element Maps 
  Each sample was mapped for selected elements using a JEOL‐840A scanning electron microscope. For details on mapping, see Methods. Map images were color‐corrected, labeled, and scaled using Adobe Photoshop Elements 6. Various magnifications were used to capture mineralogy and textures of samples; each sample is labeled with magnification level. Scale is in milimeters for all maps. Samples are arranged by relative stratigraphic position, where applicable, and separated into the following units:  Bonanza Ignimbrites Gribbles Park/BGP Findley Ridge/BFG Bonanza Intrusives Aplite/BAP Granodiorite/BGD Carpenter Ridge Ignimbrites Upper Carpenter Ridge/Mammoth Mountain/CRU Mammoth Mountain basal vitrophyre/CRV and TCM‐2 Campbell Mountain Welding Zone/TCBC Willow Creek/TCBW Nelson Mountain Ignimbrites   Nelson Mountain Upper (NM‐4, NM‐1)   Nelson Mountain Lower (NM‐2, NM‐3) Fish Canyon Tuff (FCT) Rat Creek Tuff (RC1, RC2) 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Appendix C: A Preliminary Assessment of Sample Mineralogy 
and Mineral Chemistry  
Although sample mineralogy was not an integral part of this project, these data provide added information to discerning ignimbrite differentiation processes and further paint a picture of the complexity involved. Because of the extreme variability of mineral chemical compositions within even a single sample, I only performed cursory evaluations on various minerals. Phenocryst percentages are visual estimates; no quantitative determination via point counting or other methods was performed. Identified phases within each sample are likely incomplete; trace accessory phases commonly found in ignimbrites such as allanite were not observed via SEM. No attempt to report phenocryst modes by mineral type is made. Instead, a list of mineral phases observed in each sample is reported, any significant textures noted, and any SEM mapping and mineral composition determinations provided in tables. 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Phases Present in Each Sample 
Table 19: Qualitative determinations of phenocryst abundance and mineralogy in samples. This list is 
undoubtedly incomplete as trace minerals commonly found in ignimbrites were not observed and 
therefore not reported. Phenocryst percentage was determined by visual estimations of sample surface 
area and not determined by any quantitative means. Phase shorthand used is as follows: Cpx – 
clinopyroxene (diopside); P – plagioclase; S – sanidine; Hbl – hornblende; B – biotite; Ap – apatite; Mt – 
titanomagnetite; Il – ilmenite; Ti – titanite. 
Sample Name    Phases Present 
Gribbles Park BGP‐4    Cpx, P, S, Hbl, B, Ap, Ti, Mt BGP‐3    Cpx, P, S, B, Ap, Mt, Il BGP‐2    Cpx, P, S, B, Ap, Hbl, Mt, Il BGP‐1    Cpx, B, Ap, Mt, Pl, Q, S 
Findley Ridge Upper Rhyolite BFG‐1    S, Hbl, Ti, Mt, Ap Late Dacite BFG‐2    B, S, Ap, Pl, Mt BFG‐3    P, S, B, Ap, Il, Mt, Ti BFG‐4    Cpx, P, S, Hbl, B, Q, Ap, Mt BFG‐5    P, S, B, Mt, Ap BFG‐6    Cpx, P, S, B, Ap, Mt Early Dacite BFG‐7    P, B, Ap, S, Q, Mt BFG‐8    Opx, P, Hbl, B, Ap, Mt, Ti BFG‐9    S, B, Ap, Mt, Opx? BFG‐10    P, S, B, Ap, Mt, Q BFG‐11    P, B, Ap, Mt, Q 
Aplites BAP‐1    S, Q, B, Ap, Ti,, Mt BAP‐2    S, Q, B, Mt, Il, Ap BAP‐3    S, Q, B, Mt, Ap, Il BAP‐4    S, Q, B, Ap, Mt, Il 
Granodiorites BGD‐1    Cpx, P, S, Q, Ap, Mt, Il BGD‐2    Cpx, P, S, Q, Ap, Mt, Il 
Carpenter Ridge 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Assessment Methods See Methods section for details on SEM mapping for this project. Using a combination of low‐magnification maps obtained to identify general phases, maps focused on single crystals, and spot analyses of compositionally homogeneous phases, a basic picture of the mineral chemistry of sample sets was obtained. Mineral compositions based on low‐magnification maps are suspect in some cases due to low count rates and therefore increased counting error. Although such compositions are reported, precision is not good and further work may find different results. Depending on the mineral evaluated, quantification of extracted spectra were calibrated to several standards. The Smithsonian Kakanui hornblende was used for all analyses, with plagioclase and feldspar standards applied to respective mineral compositions as well. Because SEM analysis cannot measure water content of the hydrated minerals, normalized anhydrous compositions are presented exclusively. Some 
Table 19 (cont.) Mammoth Mtn     CRU‐2    P, S CRU‐1    P, S, Ap, Mt, B Mammoth Mtn. vitrophyre CRV    P, Mt, S TCM‐2    P, Mt, Hbl, S, Ap Campbell Mtn WZ TCBC‐1    Q, S, P, B, Ap, Mt TCBC‐2    Ap, S, P B, Mt TCBC‐3    B, Ap, P, S, Mt TCBC‐4    P, Mt, Ap, B, S Willow Creek TCBW    B, S, Ap, P 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casting work was done to model possible abundances of Fe(II) vs. Fe(III) in hornblendes, clinopyroxenes, and biotites, which will be discussed later. 
A Brief Description of Typical Mineral Behavior Mineral appearances are similar from sample to sample, even when comparing the two major eruptive units sampled. To simplify reporting observations, general mineral characteristic descriptions are assumed to apply to all samples except where specific references are made. 
Clinopyroxenes Clinopyroxenes analyzed in this study were unzoned and typically have a Mg# >50. Within the Bonanza ignimbrite, clinopyroxene almost never coexists with hornblende, though it often coexists with biotite. Crystals are small, usually less than 3 mm on the long axis and retain a subhedral to euhedral crystal form in most examples, though a resorbed, “rotten” appearance is more typical in the Bonanza granodiorites. 
Plagioclase Plagioclase occurs across a wide range of compositions from favoring albitic to anorthitic in composition. Usually zoned, crystals are sometimes intact, retaining their original form, but often have a shattered or deformed appearance. Occasionally, the anorthitic cores have a sinuous shape. No reverse zonation was observed, though the extent of zonation varies greatly from crystal to crystal and sample to sample. Crystals are variable in size but rarely larger than 0.5 cm. 
  204 
Sanidine Sanidine crystals are unzoned in all samples and often do not retain their original crystal form. Most are present as anhedral shards in SEM maps, though some original crystal forms are observable in hand sample. Crystals are typically colorless to an occasional pale blue. Most samples do not have pure sanidine composition, instead usually containing a few weight percent Na2O. Aplite feldspars tend to be more sodic than ignimbrite sanidines. 
Hornblende Magnesiohornblendes occur in a handful of Bonanza samples and almost never coexist with clinopyroxenes. The two coexist in one sample, and in one other hornblende and orthopyroxene coexist. Biotite is usually present with hornblende, though no biotite was found in the SEM sample for BFG‐1. There MIGHT be a loose association with δ56Fe values and its presence in a sample (Bonanza only), but what it means is unclear. 
Biotite Biotite is nearly ubiquitious in all samples. Generally it has substantial TiO2 content (see Ti# data) and high Mg#. Gribbles Park biotite crystals are bronze‐colored with brown to black cores, distinctive from the Bonanza samples on the west side of the caldera. 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Quartz/SiO2 Quartz or amorphous SiO2 is found in many samples, though crystalline structure is not detectable by methods used in this study. Notable in granodiorites, where it forms in apparent miarolitic cavities. 
Apatite Apatite closely associates in samples with mafic phases. It is not uncommon to be present as inclusions within Fe‐Ti oxides and biotites. Crystals also have a tendency to cluster around other mafic phases such as pyroxenes and hornblendes. 
Fe‐Ti Oxides, Ilmenite, and Titanite Fe‐Ti oxides tend to cluster with mafic minerals. Magnetite and ilmenite crystals are often exsolved, making attempts at thermobarometry difficult. Though magnetite and ilmenite likely coexist in most or all samples, this was not always observed in the small surface area of the samples mapped by SEM. Titanite is rarely observed in samples. When present, it is typically euhedral and occasionally exhibits resorption rims, particularly when appearing in evolved compositions. 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Mineral chemistry 
BGP‐4 No mineral chemistry data.  
BGP‐3 
Table 20 
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  Mg#  Ti#  Fe(II)  Fe(III) Fe‐Cpx  6.16  23.78  10.25  8.56  0.00  0.23  49.94  0.48  0.61  96.53  3.47  0.416  0.584 Cpx  1.53  21.12  10.08  12.71  0.63  0.14  53.33  0.00  0.47  69.85  0.44  1  0 Cpx  1.64  21.47  9.45  12.26  0.44  0.18  54.10  0.00  0.47  70.38  0.45  1  0 
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  An#  Or#     Sanidine  17.64  0.20  0.26  0.00  0.05  10.74  68.04  3.07  0.00  1.06  68.96     Sanidine  18.27  0.21  0.097  0.00  0.00  10.61  69.16  1.66  0.00  1.32  79.74     Plag  23.98  7.95  0.29  0.00  0.08  1.00  61.13  5.54  0.03  41.47  6.21     Plag  22.39  7.88  0.26  0.00  0.03  1.05  63.33  5.02  0.05  43.28  6.86     
BGP‐2 
Table 21 
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  Mg#  Ti# Hbl  2.03  16.85  3.61  13.73  1.59  0.21  61.77  0.03  0.19  87.43  0.17 Biotite  11.85  0.89  16.19  16.73  1.48  5.84  42.18  1.88  2.98  46.60  8.30 
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  An#  Or# Plag  24.26  5.76  0.01  0.40  1.67  1.08  60.86  5.77  0.19  32.95  7.37 Plag  23.47  6.06  0.11  0.00  0.08  0.96  63.24  6.03  0.05  33.46  6.34 
BGP‐1 
Table 22 
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  Mg#  Ti# Biotite  13.01  0.00  18.16  14.73  0.96  9.27  39.30  0.00  4.57  39.32  12.20 Biotite  12.24  0.00  22.45  11.66  2.21  8.29  38.71  0.00  4.44  30.25  11.52 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BFG‐1 
Table 23 
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  An#  Or#     Sanidine  9.45  0.4  0.21  0.00  0.36  8.24  31.30  2.68  0.07  2.96  62.48     Sanidine  9.64  0.14  0.03  0.00  0.14  7.69  30.91  3.03  0.00  1.07  59.23     Sanidine  9.73  0.68  0.08  0.00  0.25  7.85  30.95  3.18  0.08  4.77  56.39     Sanidine  10.01  0.30  0.09  0.00  0.01  7.57  31.44  3.04  0.05  2.25  58.08     
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  Mg#  Ti#  Fe(II)  Fe(III) Hbl  5.90  13.57  16.85  12.55  1.60  1.06  46.06  0.86  1.56  80.26  3.31  0.2616  0.7384 Hbl  5.99  11.96  15.49  14.31  1.29  1.07  47.54  1.13  1.23  84.71  2.51  0.2431  0.7569 Hbl  6.06  12.30  15.70  13.67  0.87  1.47  47.10  1.59  1.23  86.72  2.88  0.1804  0.8196 Hbl  6.18  11.56  14.39  15.08  0.76  0.95  48.60  1.25  1.24  84.91  2.35  0.2738  0.7262 Cpx  4.84  10.39  13.14  12.03  1.11  0.86  55.55  1.01  1.08  61.96  1.03  1  0 
BFG‐2 
Table 24 
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  Mg#  Ti# Biotite  15.72  0  12.56  14.81  2.44  10.38  39.6  0.08  4.41  46.60  13.88 Biotite  14.79  0.54  16.64  13.62  0.01  8.73  39.64  0.61  5.42  38.17  15.19 Biotite  15.25  1.05  11.32  13.6  3.62  6.9  42.99  0.01  5.25  45.08  17.40 
BFG‐3 
Table 25 
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  An#  Or#     Sanidine  18.80  0.56  0.32  0  0  9.77  67.68  2.87  0  3.22  66.90     Plag  26.74  8.59  0.21  0  0  0.83  59.64  3.91  0.08  51.58  5.94     Plag  26.62  9.28  0.36  0  0  1.35  58.78  3.61  0  53.25  9.22     Plag  25.67  8.02  0.17  0  0.06  0.89  60.90  4.29  0  47.62  6.30     
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  Mg#  Ti#  Fe(II)  Fe(III) Biotite  8.04  0.17  12.22  9.25  0.04  6.88  18.27  0  3.63  41.33  16.32  1  0 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BFG‐4 
Table 26 
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  Mg#  Ti#  Fe(II)  Fe(III) Biotite  17.83  0.72  14.07  16.13  0.94  4.59  42.63  0.09  2.99  48.60  9.01     Cpx  2.47  18.74  11.17  13.48  0.36  0.05  53.29  0.14  0.28  67.76  0.27  1  0 Cpx  1.91  20.34  9.51  13.75  0.34  0.05  53.60  0.00  0.51  98.16  1.84  1  0 Hbl  11.11  13.03  15.39  11.71  0.00  1.18  42.28  1.03  4.26  84.49  15.51  0.3563  0.6437 
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  An#  Or#     Sanidine  19.43  0.43  0.40  0  0.05  11.94  66.27  1.24  0.23  19.43  0.43     Sanidine  19.37  0  0.01  0.03  0.03  11.28  66.54  2.67  0.07  19.37  0     Sanidine  19.05  0.28  0.01  0.02  0.34  10.56  66.73  3.00  0.02  19.05  0.28     
BFG‐5 
Table 27 
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  Mg#  Ti# Biotite  14.49  0.19  18.8  13.27  0.03  9.05  37.53  0.00  6.65  34.27  17.17  
BFG‐6 
Table 28 
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  Mg#  Ti#  Fe(II)  Fe(III) Cpx  0.86  22.79  10.14  12.05  1.57  0.00  52.17  0.00  0.43  67.11  1.21  1  0 Cpx  2.22  21.33  8.39  12.44  1.03  0.30  54.09  0.00  0.19  72.15  0.56  1  0 Cpx  0.85  21.99  11.38  12.55  1.18  0.00  51.57  0.00  0.47  67.52  1.28  0.9083  0.0917 Cpx  1.65  22.02  9.84  12.84  0.88  0.06  52.23  0,00  0.48  69.02  1.30  1  0 Biotite  16.03  0.43  11.13  14.27  0.06  9.47  42.25  0.05  6.31  45.01  19.90  1  0 
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  An#  Or#     Plag  25.00  8.99  0.11  0.00  0.00  1.17  59.89  4.77  0.07  47.26  7.32     Plag  25.11  6.74  0.35  0.15  0.01  1.05  62.12  4.46  0.02  41.98  7.77     Plag  25.11  9.54  0.26  0.00  0.14  0.87  59.38  4.68  0.02  50.08  5.43     Sanidine  10.03  0.70  0.32  0.00  0.07  12.06  66.02  1.62  0.20  3.89  79.83     Sanidine  18.48  0.38  0.00  0.00  0.04  12.21  67.43  1.42  0.05  2.16  83.18     Sanidine  19.41  0.84  0.10  0.00  0.00  12.37  65.54  1.56  0.18  4.56  80.06 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BFG‐7 
Table 29 
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  Mg#  Ti# Biotite  13.33  0.71  14.62  15.25  0.03  8.6  39.34  0.00  8.14  40.12  21.42 Biotite  12.01  0.29  18.90  15.25  0.08  8.54  37.21  0.00  7.72  36.42  18.44 Biotite  12.62  0.14  15.20  17.15  0.05  8.66  38.34  0.00  7.84  42.67  19.51 
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  An#  Or# Plag  25.04  8.20  0.17  0.15  0.00  1.00  62.39  3.06  0.00  54.93  7.98 
BFG‐8 
Table 30 
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  Mg#  Ti#  Fe(II)  Fe(III) Hbl  5.65  9.44  14.85  16.32  0.21  1.28  49.93  1.28  1.19  79.47  1.71  0.4621  0.5379 Biotite  15.08  0.21  6.94  15.92  0.01  10.31  44.05  0.00  7.49  52.45  81.20     
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  An#  Or#     Plag  25.91  8.27  0.47  0.00  NA  1.40  60.14  3.8  0.02  49.19  9.90     
BFG‐9 
Table 31 
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  Mg#  Ti# Biotite  15.82  0  4.17  19.3  0.01  8.36  46.27  1.55  4.52  68.95  16.15 
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  An#  Or# Sanidine  14.49  1.09  0.81  0.00  0.62  5.50  72.89  4.20  0.40  7.18  42.92 
BFG‐10 
Table 32 
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  Mg#  Ti#  Fe(II)  Fe(III) Cpx  1.91  20.58  10.00  14.89  0.00  0.07  51.95  0.02  0.57  72.77  1.41  0.9421  0.0579 Opx  2.16  2.78  29.90  3.99  0.00  1.25  59.46  0.00  0.47  19.00  1.13  1  0 Opx  2.63  2.69  31.66  3.98  0.00  1.10  57.60  0.00  0.34  18.16  0.78  1  0 Biotite  14.69  1.18  13.12  16.06  0.01  9.1  38.84  0.47  6.53  44.97  18.29 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BFG‐11 
Table 33 
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  Mg#  Ti# Biotite  15.56  0.08  7.61  16.34  1.05  8.2  43.37  0.07  7.73  51.58  24.40 
BAP‐1 
Table 34 
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  An#  Or# Sanidine  18.50  0.24  0.21  0.00  0.07  9.23  67.36  4.40  0.00  1.24  57.29 
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  Mg#  Ti# Biotite  13.20  0.13  10.58  16.82  0.01  11.11  47.76  0.00  0.40  60.52  0.8727  
BAP‐2 
Table 35 
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  An#  Or# Sanidine  17.99  0.00  0.47  0.00  0.03  8.76  68.32  4.42  0.02  0.00  56.60 Sanidine  17.49  0.14  2.20  0.00  0.00  9.59  67.01  3.58  0.00  1.52  63.30 
BAP‐3 No mineral chemistry data. 
BAP‐4 
Table 36 
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  An#  Or# Sanidine  19.91  0.00  0.08  0.00  0.08  8.81  67.80  3.31  0.02  0.00  63.69 Sanidine  19.61  0.32  0.00  0.00  0.06  8.88  67.67  3.453  0.00  1.88  61.68 
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  Mg#  Ti# Biotite  14.53  0.30  13.13  12.34  2.86  3.33  52.03  0.88  0.60  61.67  1.51 Biotite  12.30  0.01  10.34  16.67  0.45  7.62  52.22  0.01  0.37  73.57  0.82 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BGD‐1 
Table 37 
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  An#  Or#     Plag  24.96  9.20  0.98  0.12  0.00  0.72  59.16  4.82  0.03  48.97  4.58     
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  Mg#  Ti#  Fe(II)  Fe(III) Cpx  2.95  21.22  10.39  12.62   NA  1.43  51.35  0.04   NA  75.84  n/a  0.689  0.311 Cpx  3.23  21  11.26  12.45   NA  0.08  51.98  0.00   NA  66.32  n/a  1  0 Cpx  3.44  21.51  10.07  11.76   NA  0.19  52.79  0.24   NA  67.54  n/a  1  0 Cpx  2.57  21.14  11.38  13.5   NA  0.26  50.77  0.37   NA  77.33  n/a  0.620  0.38  
BGD‐2 
Table 38 
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  An#  Or#     Plag  26.52  9.71  0.42  0.00  0.00  0.27  57.53  5.53  0.03  46.26  1.58     
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  Mg#  Ti#  Fe(II)  Fe(III) Cpx  0.61  22.96  9.15  13.83   NA  0.00  53.46  0.00   NA  72.93  n/a  1  0 Cpx  3.15  19.59  10.6  14.21   NA  0.55  51.91  0.00   NA  71.78  n/a  0.939  0.061 
CRU‐2 
Table 39 
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  An#  Or# Plag  24.28  5.71  0.15  0.00  0.01  0.78  60.47  8.59  0.00  25.74  4.20 
CRU‐1 
Table 40 
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  Mg#  Ti# Biotite  14.62  0.97  16.47  12.47  0.04  9.48  40.39  0.13  5.42  36.29  15.77 
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  An#  Or# Plag  22.97  6.12  0.53  0.00  0.31  1.50  60.63  7.84  0.10  27.71  8.06 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CRV 
Table 41 
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  An#  Or# Sanidine  19.44  0.21  0.39  0.00  0.00  10.82  65.66  3.42  0.07  1.09  66.79 Sanidine  19.30  0.32  0.37  0.00  0.01  11.10  65.23  3.54  0.12  1.61  66.25 
TCM‐2 
Table 42 
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  Mg#  Ti#  Fe(II)  Fe(III) Biotite  15.7  0.00  13.55  13.65  0.41  9.67  44.02  0.00  3.00  45.20  9.93     Cpx  2.12  19.95  10.89  10.79  1.77  0.00  54.43  0.00  0.05  65.44  0.05  1  0 
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  An#  Or#     Sanidine  19.32  0.22  0.06  0.00  0.05  8.09  66.57  5.60  0.10  1.12  48.19     
TCBC‐1 No mineral chemistry data. 
TCBC‐2 
Table 43 
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  Mg#  Ti# Biotite  16.89  0.01  15.24  13.87  0.12  7.8  40.76  0.01  5.32  40.28  15.45 
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  An#  Or# Plag  25.88  9.51  0.39  0.00  0.16  0.63  58.36  5.09  0.00  48.87  3.84 Plag  23.47  6.48  0.26  0.18  0.00  1.33  62.06  6.17  0.05  33.69  8.21 Sanidine  20.89  0.38  0.28  0.00  0.16  8.97  63.87  3.26  2.20  2.23  62.95 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TCBC‐3 
Table 44 
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  Mg#  Ti# Biotite  15.96  0.67  7.82  14.31  0.17  9.40  47.03  0.23  4.42  53.90  16.65 
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  An#  Or# Sanidine  18.86  0.00  0.15  0.00  0.01  11.82  66.25  2.83  0.08  0.00  73.31 Sanidine  18.90  0.46  0.00  0.00  0.40  11.71  66.24  2.16  0.12  2.53  76.12 Plag  25.43  8.38  0.25  0.00  0.00  0.86  59.04  6.03  0.02  41.28  5.02 Plag  25.16  8.05  0.26  0.00  0.23  0.615  59.90  5.56  0.22  42.73  3.89 
TCBC‐4 
Table 45 
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  An#  Or# Sanidine  18.83  0.31  0.21  0.00  0.47  12.14  65.20  2.85  0.00  1.55  72.55 Plag  24.35  6.97  0.00  0.00  0.01  1.06  61.25  6.30  0.05  35.51  6.43 Plag  23.47  6.13  0.14  0.00  0.01  1.14  62.21  6.89  0.02  30.71  6.83 
TCBW 
Table 46 
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  Mg#  Ti# Biotite  15.39  0.01  6.55  12.93  0.09  10.05  52.29  0.95  1.73  60.96  8.16 
Mineral  Al2O3  CaO  FeO  MgO  MnO  K2O  SiO2  Na2O  TiO2  An#  Or# Sanidine  17.84  0.41  0.31  0.00  0.03  10.82  66.74  3.87  0.00  2.00  63.49 Sanidine  16.07  0.07  0.27  0.65  1.79  10.21  66.05  4.81  0.10  0.34  58.09 
Mineral Mg# and Ti# as a Function of Stratigraphic Position Several elemental ratios in various phenocrysts may be used, assuming mineral‐melt equilibrium, as proxies for differentiation state of the magma as the time it erupted. I have chosen to use the compositionally monotonous sanidine and clinopyroxene crystals to find orthoclase numbers (Or#) and Mg# and Ti#, respectively. In addition, I calculated Mg# and Ti# for biotite crystals using their 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anhydrous whole‐crystal compositions. Despite biotite crystals commonly exhibiting zoning, multiple analyses of whole‐crystal extracted spectra from a sample, where possible, yield mostly consistent compositional data. Given all oxide values are converted to elemental moles, major element ratios are calculated using the following components. I am reporting simple whole‐crystal contents with no casting into theoretical cation site occupancies. Casting measurements to account for oxidation state was performed for hornblende and pyroxene analyses; biotite casting yielded entirely oxidized or reduced Fe cations depending on the model used and as a result theoretical Fe(II) and Fe(III) values are not reported for biotite analyses. Because only anhydrous compositions are reported, the castings are not considered reliable. 
Mg# = MgMg+ Fe!! + Ti 
Ti# = TiMg+ Fe!! + Ti     
  215 
Table 47: Average mineral chemical index values for several minerals for the Bonanza sample set. 
N
o.
 
xt
al
s      1  2    1  1  1  1  1  3  1  1  1  1  1      2     
1σ
      ‐‐  0.01    ‐‐  ‐‐  ‐‐  ‐‐  ‐‐  0.98  ‐‐  ‐‐  ‐‐  ‐‐  ‐‐      0.49     
Bt
 T
i#
 
    5.51  8.46    10.54  11.23  5.91  12.35  13.43  13.78  16.02  9.54  12.34  15.92  0.87      1.17     
1σ
      ‐‐  7.14    4.56  ‐‐  ‐‐  ‐‐  ‐‐  3.33  ‐‐  ‐‐  ‐‐  ‐‐  ‐‐      8.42     
Bt
 M
g#
 
    61.25  49.06  nd  58.23  56.36  63.17  48.84  60.22  54.82  67.48  80.68  60.11  66.67  60.52      67.62  nd  nd                                            
N
o.
 
xt
al
s                            2               
1σ
                            0.64               
O
px
 M
g#
 
                          18.75                                                          
N
o.
 
M
ea
s.
    3  1  2        2    4                    4  2 
1σ
    1.03  ‐‐  0.76        5.54    2.07                    0.88  1.72 
Cp
x 
M
g#
 
nd  71.32  87.19  57.88  ‐‐  nd    72.02  nd  69.69    nd    nd    nd  nd  nd  nd  67.55  71.71                                            
N
o.
 M
ea
s 
  1      4    1  3  1  31      1  1    1  1  1  1     
1σ
    ‐‐      2.57    ‐‐  7.86  ‐‐  1.87      ‐‐  ‐‐    ‐‐  ‐‐  ‐‐  ‐‐  ‐‐  ‐‐ 
Sa
ni
di
ne
 
O
r#
  na  68.96  na  na  59.05  na  66.9  75.49  80.69  81.02  nd  nd  42.92  80.7  na  57.29  56.58  63.3  62.69  ‐‐  ‐‐                                            
Sa
m
pl
e 
BGP‐4  BGP‐3  BGP‐2  BGP‐1  BFG‐1  BFG‐2  BFG‐3  BFG‐4  BFG‐5  BFG‐6  BFG‐7  BFG‐8  BFG‐9  BFG‐10
 
BFG‐11
 
BAP‐1  BAP‐2  BAP‐3  BAP‐4  BGD‐1
 
BGD‐2
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Table 48: Average chemical index for several minerals for the Carpenter Ridge sample set. 
N
o.
 x
ta
ls
 
    2  1    1  2  1  2 
1σ
      0.38  ‐‐    ‐‐  1.99  ‐‐  3.82 
Sa
ni
di
ne
 
O
r#
      66.52  48.19    62.95  74.72  72.55  60.79 
                   
N
o.
 x
ta
ls
 
      1           
                   
1σ
        ‐‐           
Cp
x 
Ti
# 
      0.05           
1σ
        ‐‐           
Cp
x 
M
g#
 
      65.44           
                   
N
o.
 x
ta
ls
 
  1    1    1  1    1 
1σ
    ‐‐    ‐‐    ‐‐  ‐‐    ‐‐ 
Bi
ot
it
e 
Ti
# 
  11.19    6.65    10.69  10.66    5.00 
1σ
    ‐‐    ‐‐    ‐‐  ‐‐     
Bi
ot
it
e 
M
g#
 
  51.01    59.96    55.25  68.38    73.98 
                   
Sa
m
pl
e 
CRU‐2  CRU‐1  CRV  TCM‐2
 
TCBC‐1
 
TCBC‐2
 
TCBC‐3
 
TCBC‐4
 
TCBW     
  217 
 
Figure 33: Mineral chemical index behavior as a function of stratigraphic position in the Findley Ridge 
section of the Bonanza ignimbrite. 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Figure 34: Whole‐rock δ56Fe versus Fe‐bearing mineral chemical indices. 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Figure 35: Behavior of mineral chemical indices with relative stratigraphic position. 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Figure 36: Whole‐rock δ56Fe versus Fe‐bearing mineral chemical indices. 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